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The antibody paradigm: present and
future development as a scaffold for
biopharmaceutical drugs
ROY JEFFERIS

School of Immunity & Infection, The College of Medical and Dental Sciences,
University of Birmingham, Edgbaston, Birmingham B15 2TT UK

Abstract
Early studies of the humoral immune response revealed an apparent paradox: an infinite
diversity of antibody specificities encoded within a finite genome. In consequence
antibodies became a focus of interest for biochemists and geneticists. It resulted in the
elucidation of the basic structural unit, the immunoglobulin (Ig) domain, comprised
of ~ 100 amino acid residues that generate the characteristic “immunoglobulin (Ig)
fold”. The Ig fold has an anti-parallel ß-pleated sheet (barrel) structure that affords
structural stability whilst the ß-bends allow for essentially infinite structural variation
and functional diversity. This versatility is reflected in the Ig domain being the most
widely utilised structural unit within the proteome. Human antibodies are comprised
of multiple Ig domains and their structural diversity may be enhanced through the
attachment of oligosaccharides. This review summarizes our current understanding
of the immunoglobulin structure/function relationships and the application of protein
and oligosaccharide engineering to further develop the Ig domain as a scaffold for
the generation of new and novel antibody based therapeutics.
To whom correspondence may be addressed (r.jefferis@bham.ac.uk)
Abbreviations: ADCC: Antibody dependent cellular cytotoxicity; ASGPR, Asialoglycoprotein receptor;
ATA, Anti therapeutic antibody; CDC, Complement dependent cytotoxicity; CDR, Complementarity determining region; CHO, Chinese hamster ovary; CMP, Cytidine monophosphate; COG, Cost of goods; COT,
Cost of treatment; DSMC, Differential scanning micro calorimetry; HACA: Human anti-chimeric antibody;
HAHA: Human anti-human antibody; HAMA, Human anti-mouse antibody; ITAM, Immunoreceptor
tyrosine-based activating motif; ITIM, Immunoreceptor tyrosine-based inhibition motif; MBL, Mannose
binding lectin; MASP, Mannose binding lectin associated serine protease; MHC, Major histocompatability complex; NK, Natural killer cells; NSO, Mouse myeloma cell line; PCR, Polymerase chain reaction;
rMAbsrecombinant antibodies; Sp2/0, Mouse myeloma cell line; Tm, Transition (melting) temperature;
VH, Heavy chain variable region; VL, Light chain variable region;
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Introduction
When I entered the field of immunology the intellectual and practical challenge was
to confront the paradox of an apparent infinite diversity of antibody specificities
encoded within a finite genome. This paradox has been resolved and we can readily
account for the diversity of specificity in terms of genetic mechanisms and consequent
protein structure. We have the tools to generate antibodies of selected specificity and
engineer cells for their efficient production. The technologies for introducing random
mutations, followed by selection, are so powerful that several alternative “scaffolds”
have been developed for the generation of proteins with selected binding specificities.
The challenge that antibodies now pose is to select and engineer them to optimise
mechanisms of action in vivo.
We are all beneficiaries of vaccination and the generation of a protective humoral
and cellular immune responses; the humoral component being comprised of antibodies that not only have specificity for the offending pathogen but also mediate its
removal and destruction. It is an understanding of these mechanisms that will allow
us to select and/or design antibody therapeutics that are optimised for the treatment
of given disease indications. In spite of the incomplete knowledge currently available
recombinant antibody therapeutics (rMAbs) are held as exemplars of translational
medicine. The rMAbs currently licensed represent a significant success in terms of
clinical benefit delivered and revenue (profit) generated within the biopharmaceutical
industry. Additionally, it is estimated that ~ 30 % of new drugs likely to be licensed
during the next decade will be based on antibody products (Carter, 2006; Moutel
and Perez, 2008; Reichert and Valge-Archer, 2007). The term “antibody products”
includes therapeutics composed of selected “fragments” or selected combinations of
antibody domains.
High volume production with the maintenance of structural and functional fidelity
of these large biological molecules results in high “cost of goods” (COG) that can
limit their availability to patients, due to the strain it puts on national and private health
budgets. The perceived benefits that could flow from lower COG have acted as an
incentive for innovation in discovery, clone selection and rapid progress to “first in
man” preclinical studies. The shortening of time-lines allows for a reduction in COG.
In addition protein and glycosylation engineering can contribute to the generation of
customised antibodies optimised for given disease indication and a consequent reduction in cost of treatment (COT). These developments are taking place within high
labour cost economies whose products will come under increasing competition from
new and bio-similar products manufactured within low labour cost economies.
The invention that led to the production of monoclonal antibodies was designed to
further Caesar Milstein’s research into the structural and genetic basis of antibody
specificity (Kohler and Milstein, 1975). The ability to generate hybridoma cells secreting antibody specific for a pre-selected antigen allowed for dissection of polyclonal
antibody responses and the generation of clones of cells, each secreting homogeneous
antibodies specific for a unique structural feature (antigenic determinant or epitope)
expressed by the selected antigen. Comparisons amongst such antibody populations
allowed the extent and patterns of variable region sequence diversity to be determined.
The potential for commercial exploitation was recognised and the landmark paper
of Kohler & Milstein (1975) ended with the statement: Such cells can be grown in
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vitro in massive cultures to provide specific antibody. Such cultures could be of
value for medical and industrial use. The concluding sentence has proved to be a
massive under-statement.
The first monoclonal antibody to be used as a therapeutic was a mouse IgG2a
anti-human CD3 (Orthoclone-OKT3 (muromonab) (Webster et al., 2006), delivered
to kidney transplant patients undergoing episodes of acute rejection. Its success in
these immuno-suppressed patients led to OKT-3 gaining regulatory approval and
it is still in use. It was no surprise, however, that it proved to be immunogenic in
humans, resulting in the development of anti-therapeutic antibody (ATA) responses;
otherwise referred to as HAMA (human anti-mouse antibody). The development of
HAMA precludes further exposure of patients to the therapeutic as severe adverse
reactions may be precipitated. This restriction fuelled innovation and the application
of genetic engineering to the progressive “humanisation” of antibodies, raised in
mice, to human targets. The development of mouse/human chimeric antibodies reduced immunogenicity but a proportion of patient generated ATA; now referred to as
HACA (human anti-chimeric antibody). With the advent of “fully” human antibodies,
generated from phage display libraries or mice transgenic for human immunoglobulin
genes, it was anticipated that immunogenicity and the development of ATA might be
circumvented (Holgate and Baker, 2009; Radstake et al., 2008). In practice the first
licensed “fully” human antibody, Humira (Adalimumab), resulted in ~ 12 % incidence
of ATA (HAHA – human anti-human antibody) in patients treated for rheumatoid
arthritis (RA). Subsequently this was reduced to ~ 2-3 % for patients also receiving
the non-steroid anti-inflammatory drug methotrexate, a mild immunosuppressant
(Radstake et al., 2008).
It is now appreciated that each antibody molecule, being unique in its specificity and
affinity for a unique epitope, may generate immune complexes of similarly unique structure that determines the downstream effector functions activated (Woof and Burton, 2004;
Nezlin and Ghetie, 2004; Jefferis, 2007; Jefferis, 2009). We are challenged, therefore, to
develop protocols that reveal the full functionality of each rMAb in vitro and to be able to
translate these finding to predict mechanisms of action in vivo; ultimately taking account
of the multiple polymorphisms resident in an out-bred human population.

Innate and adaptive immunity
An intact immune system is essential to the integrity of the individual. We live in a hostile
environment and are constantly exposed to potential pathogens; however, we are mostly
unaware of these insults due to protective innate and adaptive immune responses. These
responses can precipitate a cascade of inflammatory mechanisms that recruit leucocytes and
cells of the reticulo-endothelial system to inactivate, ingest and destroy targeted pathogens.
The response must be appropriate to the threat since uncontrolled inflammatory reactions
can result in “bystander” or “collateral” damage to healthy tissue. Informed development
of antibody therapeutics requires that we extrapolate from our knowledge of the action of
antibodies in immune protection, in both health and disease.
Potential pathogens, bacteria, virus, fungi etc, are structurally relatively “simple”
organisms whose outer surface (“membrane”) is comprised of repeating structural
units that form distinct architectural “patterns”. Organisms from insects to human
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have evolved an innate immune system constituted of “pattern” recognition receptors,
expressed on the surface of cells, which bind molecules presented in “patterns” and
activate the cells to ingest, inactivate and destroy them (Kabelitz and Medzhitov, 2007;
Gardy, et al., 2009). In addition the cells may process fragments of the pathogen and
“present” them to cells of the immune system to provoke a humoral and/or cellular
adaptive immune response.
The adaptive humoral immune response has two phases; a primary and a secondary
response. The primary response results in the production of antibodies of the IgM
class whilst the secondary response is characterized by the production of antibody of
the IgG, IgA, IgE and/or IgD class; referred to as class or isotype switching. There
are four subclasses of IgG (IgG1, IgG2, IgG3 & IgG4) and two subclasses of IgA
(IgA1 & IgA2), giving a total of nine antibody isotypes in humans (Woof and Burton,
2004; Nezlin and Ghetie, 2004; Jefferis, 2007; Jefferis, 2009). Secondary immune
responses also establish memory that provides for a rapid and amplified response
to subsequent contact with the same pathogen. Protective antibody responses are
extremely heterogeneous due to the presence of populations of antibodies each of
unique specificity for individual epitopes expressed on the antigen. It is not possible,
therefore, to unequivocally define the mechanism of action that result in immune
neutralization, clearance and destruction of pathogens; however, IgG is, quantitatively,
the predominant antibody isotype present in normal human serum and early studies
established a simple protocol for it isolation in pure form. Consequently, IgG has been
subject to intense structural and functional study.
To date all licensed recombinant antibody therapeutics are of the IgG class and,
to my knowledge, all intact antibodies in development are also of the IgG class. The
predominance of the IgG1 subclass (~ 60 %) in blood allowed for detailed study
of its structure and function so that initially rMAbs of the IgG1 isotype only were
developed; however, the unique properties of the other IgG subclasses are also being
exploited. New formats of intact rMAbs and antibody “fragments” are being developed that can deliver maximal or minimal effector activities. The biopharmaceutical
industry has met the challenge to produce rMAbs, however, productivity, cost and
potency remain to be optimised. All intact therapeutic antibodies currently licensed
are produced by culture of transfected mammalian cells, e.g. Chinese hamster ovary
(CHO), mouse NSO or mouse Sp2/0 cell lines. The quality of the antibody therapeutic
product will depend on the ability of the chosen cell type and cell line to effect posttranslational modifications similar or identical to those of human plasma cells. The
secreted antibody may be subject to chemical changes resulting from exposure to the
culture medium and enzymes released from live, senescent and dead cells (lysed) and
extensive down stream processing procedures (e.g. isolation, purification, sterilisation,
formulation and storage).

The polypeptide structure of human IgG
Each of the four IgG subclass proteins has the same basic four-chain structure of two
light chains (~ 25 kDa) and two heavy chains (~50 kDa). At the protein sequence level
the light and heavy chains are seen to be comprised of two and four repeating sequence
homologous regions of ~110 amino acid residues, respectively, Figure 1; at the gene
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level the homology sequences are encoded within exons with intervening introns.
Each homology region folds to give two anti-parallel β-pleated sheets bridged by an
intra-chain disulphide bond and with hydrophobic side chains orientated toward the
interior, Figure 1. This stable protein “scaffold” is referred to as the immunoglobulin
fold; it is widely used throughout the proteome and allows for virtually unlimited
sequence variation, within the β-bends, and the generation of unique recognition sites
(Woof and Burton, 2004; Nezlin and Ghetie, 2004; Jefferis, 2007; Jefferis, 2009;
Deisenhoffer, 1981; Padlan, 1996; Saphire, et al., 2002).

Vκ/Vλ

Cκ/Cλ

Light chain
Heavy chain

VH

CH2

CH3

CH1

Interchain disulphide bridges
oligosaccharide
Figure 1. The four chain structure of the IgG molecule; comprised of two light chains and two heavy chains
of identical sequence. The β pleated sheet structure of one CH3 domain is included.

The N-terminal homology region of the heavy and light chain of each specific antibody is of unique sequence; referred to as the variable regions of heavy (VH) and
light chains (VL) respectively. Maximum sequence diversity is localised within three
hypervariable or complementarity-determining regions (CDR) situated at β-bends
that the immunoglobulin fold brings into spatial proximity. The VH and VL domains
interact through multiple non-covalent interactions such that all six CDR are in spatial
proximity and form the antigen binding site or paratope. Humans express two isotypes of light chain, kappa (κ) and lambda (λ) and four gamma (γ) IgG heavy chain
isotypes (γ1, γ2, γ3, γ4). Each is characterised by one and three constant homology
domains: Cκ, Cλ, CH1 or Cγ1, CH2 or Cγ2 and CH3 or Cγ3. The Cκ, Cλ domains
each interact with the CH1 domain, through multiple non-covalent interactions and a
single inter-chain disulphide bridge. The VH/VL-Cκ/CH1, VH/VL-Cλ/CH1 domains
form a compact protein moiety that can be released from the intact IgG molecule, by
proteolysis with papain, as the Fab fragment (Fragment antigen binding). The two
Fab structures are linked to the Fc (Fragment crystallisable) through an open flexible
“hinge” region that contains a rigid core comprised of proline and cysteine residues;
the latter forming inter-heavy chain disulphide bridges, Figure 2. The Fc also forms
an independent protein moiety stabilised by non-covalent CH3/CH3 and lateral CH2/
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CH3 interactions. The CH2 domains form an open “horseshoe” structure with much
of the internal space occupied by a complex diantennary oligosaccharide structure.
The oligosaccharide is attached, by a covalent bond, to asparagine 297 and forms
multiple non-covalent interactions with the polypeptide backbone and amino acid
residue side chains of the inner surface of the CH2 domain, Figure 2.

VH

Fab

Fab

Antigen binding

VL
CH1
interaction sites for
FcγR & C1q

Fc

CH2

mediates effector functions

oligosaccharide
interaction sites for
FcRn, SpA, SpG

Light chain

CH3

Heavy chain chain
Figure 2. The α chain backbone structures the IgG molecule. The location of interaction sites for IgG-Fc
ligands is indicated. Structure generated by Peter Artymiuk (University of Sheffield, UK) using PyMOL;
http://pymol.sourceforge.net.

The independent mobility of each of the Fab and Fc regions allows the IgG molecule
to exercise its functional divalency for antigen by engaging epitopes that may be in
random spatial orientations to each other. Within an immune complex the Fab arms
may be confined in spatial orientation, however, the Fc region may remain mobile
and accessible for interactions with effector ligands. This model is supported by an
X-ray crystallographic study of an intact IgG molecule for which coherent diffraction
was obtained for the Fab regions but not for the Fc region (Marquart, et al., 1980).
This may be due to the Fc being in multiple orientations or retaining mobility in the
crystal structure.

Overview of the quaternary structure of human IgG
The observation that antibody molecules activate effector functions only when bound
to antigen, in immune complexes, led to proposals for allosteric mechanisms of action,
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i.e. - that antigen binding resulted in a conformation change that could be transmitted
to sites outside of the antigen binding site. Possible support for this model came from
early X-ray crystal structures for the human IgG1 proteins Dob and Mcg that showed
contact between the Fab and Fc regions (Guddat, et al., 1993). However, subsequent
sequence studies revealed that these molecules were abnormal in structure and lacked
the hinge sequence, encoded by the “hinge exon”. Later studies of full-length IgG
molecules revealed independent mobility for the Fab and Fc regions (Guddat, et al.,
1993; Burton, 1985). The functional hinge is considered to be comprised of three
structural regions; upper and lower mobile sequences and a core comprised of cystine
and proline residues that form a semi-rigid helical structure within which inter-heavy
chain disulphide bridges are formed. Such a structure does not appear compatible
with the transmission of conformational change from the Fab to the Fc; particularly
for the extended hinge region structure of human IgG3 proteins. An associative model
has gained acceptance in which multiple low affinity ligand-IgG-Fc interactions, afforded by the formation of multimeric immune complexes, results in multivalency
and consequent high avidity for effector ligands. A mechanism providing accessibility
to ligand binding sites in IgG-Fc has been proposed in which the Fab and Fc regions
are “dislocated” with respect to each other allowing simultaneous interaction with
antigen and effector molecule (Burton, 1985; Roux et al., 1997). Induced conformational influences should not be entirely dismissed, however, since the mobility of the
Fab/Fc regions may allow for the generation of “folded-back” orientations allowing
Fab-Fc contacts and/or masking of Fc effector sites (Woof and Burton, 2004; Nezlin
and Ghetie, 2004; Burton, 1985; Carrasco et al., 2001; Lu et al., 2007).
The inherent flexibility of the IgG molecule, together with glycoform heterogeneity, hinders crystallisation; thus whilst crystals of ten intact IgG molecules have
been reported structures have been derived for only seven. Complete structures were
restricted to five molecules, the abnormal IgGs Dob and Mcg (see above), the human anti-gp120 b12 antibody and two murine antibodies (Harris, et al., 1997). All
structures are asymmetric, illustrating independent Fab and Fc mobility, afforded by
the hinge region (Guddat, et al., 1993). Resolution of the Fab and Fc structure of the
b12 molecule results from stabilisation provided by the close proximity (contact!) of
the Fc with one Fab arm (Saphire, et al., 2002).

Quaternary structure of Fab
Structures for numerous antigen specific Fab fragments have been determined by
X-ray crystallography, both alone and in complex with antigen (Padlan, 1996). Early
studies of Fab fragments binding small molecules (haptens) led to the lock-and-key
model in which the antigen bound within a pocket; however, studies of macromolecular
antigens have shown that both paratopes and epitopes may be comprised of relatively
flat surfaces (Padlan, 1996). Whilst light and heavy chain CDRs are seen to contribute
to epitope binding for all specificities it is not the case that all CDRs contribute equally
to a given paratope. Comparison of the VH and VL sequences of a given Fab with that
encoded within the precursor germline gene informs of the contribution of somatic
hypermutation to specificity and/or affinity both within and outside of the paratope.
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These studies have defined the contribution of CDRs and “framework” sequences to
antigen binding and led to the development of informed protocols for humanisation of
mouse antibody V regions for the generation of therapeutic antibodies (Carter, 2006;
Moutel and Perez, 2008; Reichert, and Valge-Archer, 2007; Magdelaine-Beuzelin,
C. et al., 2009). Mapping of the surface topology of Fab regions identifies the degree
of exposure of amino acid side chains and can contribute to further informed protein
engineering to confer advantageous properties, e.g. solubility (Famm and Winter,
2006).
Comparison of structures of Fab and Fab-antigen complexes show that conformational change may occur within VH and VL domains on antigen binding (Sanguineti et
al., 2007; Sagawa et al., 2005; Keskin, 2007). This provides further understanding of
epitope recognition and binding and may reveal residues underlying the paratope, the
vernier zone, that are essential to its architecture, mobility and hence specificity and/
or affinity (Makabe et al., 2008). The junction of the VH/CH1 and VL/CL, referred to
as the “switch” residues, is characterised by a change in direction of the polypeptide
chains, referred to as the “elbow angle”. The elbow angle is characteristic for a given
Fab but can vary widely between Fabs; lambda light chains appear to be compatible
with larger elbow angles than kappa light chains (Stanfield et al., 2006). There is evidence that conformational changes resulting from antigen binding can be transmitted
to the CH1/CL domain; also, the reciprocal finding that differences in CH1 structure
can influence antigen-binding affinity (Pritsch et al., 1996).
An understanding of the structure and function of the Fab region of antibodies
facilitated genetic engineering to progressively “humanise” antibodies raised in mice
(Carter, 2006; Moutel and Perez, 2008; Reichert, and Valge-Archer, 2007; Pritsch et
al., 1996; Dubel, 2007; Presta, 2008; Magdelaine-Beuzelin, C. et al., 2009). The engineered VH and VL gene sequences being ligated to the constant region gene sequences
of heavy and light chains, respectively, to generate humanised antibodies. In practice
such “humanized” VH and VL domains usually resulted in reduced affinity and/or
specificity such that some mouse residues had to be re-introduced, with consequent
potential immunogenicity. Libraries of human VH and VL gene sequences have been
generated from human peripheral blood lymphocytes, using PCR protocols, and their
protein products expressed in phage display allowing for selection of combinations
of human VH and VL sequences with specificity for a selected target; the VH and
VL sequences can subsequently be expressed with selected human constant regions
(Jostok, et al. 2004). Possibly the ultimate source of human antibodies specific for
human targets can be realised from immunisation of mice that are transgenic for the
expression of human variable and constant region genes; the endogenous Ig genes
having been inactivated (Lonberg, 2008). It may not be possible to dictate the human
constant region expressed but subsequent engineering can rectify this.
Current experience suggests that even “fully” human antibodies can be immunogenic, at least in a proportion of patients. Initially, one may wonder why this should
be so; however, on reflection it may seem inevitable. The hallmark of an antibody is
its specificity, not just for a particular target but also for a unique structural feature
on that target – the epitope. This is achieved within a secondary immune response
that is characterised by somatic hypermutation and selection. Thus each antibody
is a structurally unique molecule with a unique epitope-binding site (the paratope).
Antibodies generated from phage display libraries or transgenic mice are unique to an
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individual, human or mouse, and may be perceived as “foreign” to a unique recipient,
i.e. the patient. Antibody therapeutics are manufactured in xenogeneic tissue (Chinese
hamster ovary CHO cells; mouse NS0 cells etc) that may yield product not having the
required human type co- and post-translational modifications and/or add non-human
co- and post-translational modifications (Walsh and Jefferis, 2006).

Functional and genetic (core) hinge structures
The core hinge sequence is encoded by a single exon for IgG1, IgG2 and IgG4 but by
several exons for IgG3. The functional hinge is comprised of mobile C-terminal residues of the CH1 domain (upper hinge), a rigid core and mobile N-terminal residues of
the CH2 domain (lower hinge) (Burton, 1985). This flexible “spacer” sequence allows
for independent mobility of Fab and Fc protein moieties and binding to their respective ligands. The IgG4 molecule presents a unique case in which disulphide exchange
within the hinge region may occur and allow for dissociation/re-association between
heavy-light chain pairs; referred to as “half-molecules” (Aalberse and Schuurman,
2002; van der Neut Kolfschoten et al., 2007). Random re-association of heavy-light
chain pairs can result in the generation of antibodies of dual specificity, both in vitro
and in vivo. This characteristic can be overcome by replacing the -C-P-S-C- sequence
present within the hinge of the IgG4 molecule by the IgG1 sequence –C-P-P-C-. The
length of the hinge region and the number of inter-heavy chain disulphide bonds
differs significantly between the human IgG subclasses and influences mobility and
average solution conformation of the Fab and Fc moieties, with respect to each other
(Burton, 1985; Burton and Woof, 1992). This may include the ability to assume a
“dislocated” form that provides access to effector ligand binding sites localised to the
hinge proximal region of the CH2 domain. The extended hinge region of IgG3 molecules has been the subject of genetic/protein engineering to generate hinge regions
of different length; no direct relationship between hinge length and an ability to bind
and activate the C1 component of complement was demonstrated, however, at least
one inter-heavy chain disulphide bridge is required (Michaelsen et al., 1994; Brekke,
et al., 1995; Redpath et al., 1998).

Quaternary structure of IgG-Fc: the protein moiety
An early insight into the structure of IgG-Fc was obtained from X-ray crystallographic
studies of human IgG1-Fc (Deisenhofer, 1981), generated by cleavage of polyclonal IgG at the Lys222-Thr223 peptide bond, within the hinge region, and extending to
the C-terminus residue 446. It was reported that interpretable electron density was
not obtained for residues 223-237, that comprise most of the core and lower hinge
region, or the C-terminal residues 444-446; it was not known at this time that the
CH3 exon coded for a C-terminal 447 lysine residue that is removed by endogenous
carboxypeptidase B. The α carbon IgG structure shown in Figure 2 is a composite
of the Deisenhofer (1991) IgG-Fc structure for residues 238-443 with the addition
of a computer generated structure for the hinge sequence (Lund, et al., 1991) and an
Fab structure (Marquart, et al., 1980). Salient structural features are:
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i.

CH2 domains were less well ordered than CH3 domains. Defined structure was
obtained for CH2 structure at the CH2-CH3 interface with increasing disorder
being observed in the vicinity of the hinge region, indicated by increased temperature factors or missing electron density. One CH2 domain was more ordered
than the other, due to a crystal contact with a neighbouring CH2 domain.

ii.

The area of contact between the CH2 and CH3 domains comprises about twothirds the lateral area of contact between the two CH3 domains. This suggests
that the CH2-CH3 contact contributes to the relative stability observed for the
C-terminal proximal region of CH2 domains; as opposed to the “softness” of
those parts of the CH2 domain remote from the CH2-CH3 interface.

iii. Hydrophobic and hydrophilic interactions between the carbohydrate and inner
protein surface of the CH2 domain “substitutes” for the domain pairing observed
for other domains
iv.

Higher structural resolution was obtained for β-sheets regions than for than for
β-bends.

These interpretations and conclusions are confirmed in other X-ray structures obtained
for human IgG-Fc alone (Harris, et al., 1997; Saphire, et al., 2002; Matsumiya et al.,
2007) and in complex with Staphylococcal protein A (SpA) (Deisenhofer, 1981),
Streptococcal protein G (SpG) (Sauer-Eriksson et al., 1995), rheumatoid factor (RF)
(Duquerroy et al., 2007; Sohi et al., 1996; Corper, et al., 1997) and human FcγRIIIb
(Sondermann et al., 2000; Radaev et al., 2001). The internal mobility of the lower
hinge and hinge proximal regions of the CH2 domains (“softness of structure) may
result in the generation of an equilibrium of high order conformers that may differentially bind unique ligands, e.g. homologous Fcγ receptors. Thus previous proposals
that different ligands may bind through “overlapping non-identical sites” (Lund et
al., 1991) may be modified to suggest that they each bind to a unique conformer with
contacts being made through some common amino acid residue side chains and/or
main chain atoms (see below).
The IgG-Fc has been shown to be functionally divalent for ligands binding at the
CH2-CH3 interface e.g. the neonatal Fc receptor (FcRn), RF, SpA, SpG (Woof and
Burton, 2004; Nezlin and Ghetie, 2004; Jefferis, 2009; Deisenhofer, 1981; SauerEriksson et al., 1995; West, et al., 2000; Matsumiya et al., 2007; Duquerroy et al.,
2007; Sohi et al., 1996; Corper, et al., 1997), Figure 2. Due to the symmetry of the
IgG-Fc these interaction sites are at ~180o to each other and each is accessible to bind
macromolecular ligands to form multimeric complexes. By contrast the FcγRIII binding site is asymmetric and both heavy chains are engaged such that monomeric IgG
is univalent for Fcγ receptors and the C1 component of complement; this is essential
in order to obviate continuous activation of inflammatory cascades by circulating
IgG in vivo. Residues of the lower hinge region that are disordered in the Fc crystals
are ordered in the Fc-FcγRIII complex and directly involved in binding the receptor
(Sondermann et al., 2000; Radaev et al., 2001).
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The IgG-Fc oligosaccharide moiety
The presence of a core diantennary heptasaccharide has been shown to be essential
for optimal activation of Fcγ receptors and the C1 component of complement. The
oligosaccharide of normal polyclonal IgG, attached at asparagine 297, is highly
heterogeneous and comprised of the core heptasaccharide with variable addition of
fucose, galactose, bisecting N-acetylglucosamine and sialic acid. Figure 3; sialylation
is modest with < 10 % of structures being monosialylated or disialylated (Jefferis et
al., 1990; Rudd et al., 1997; Routier et al., 1998; Jefferis 2009). From Fig 3a it can
be calculated that a total of 32 unique oligosaccharide structures are possible, on each
heavy chain; one must not be dismissive of minor oligosaccharide structures since
each could be the predominant form present on an antibody secreted from a single
plasma cell. Considering neutral oligosaccharides only and assuming random pairing of heavy chain glycoforms, a total of 128 IgG glycoforms ((16 x 16)/2) bearing
neutral oligosaccharides may be generated; given the symmetry of the IgG molecule
the two heavy chains are equivalent.

\

_
_
_
Fuc
Neu5Ac Gal GlcNAc Man
|
|
\ α(1- 6)_arm
_
_
_
GlcNAc Man GlcNAc GlcNAc Asn297
|
α(1-3) arm
_
_
_
Neu5Ac Gal GlcNAc Man
Figure 3a. The complex diantennary oligosaccharides that may be present in the IgG-Fc of normal polyclonal IgG:
core heptasaccharide;
outer arm sugar residues that may be present. GlcNAc,
N-acetylglucosamine; Man, mannose; Fuc, fucose; Gal, galactose; Neu5Ac, N-acetylneuraminic acid
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Figure 3b. The potential “library” of neutral complex diantennary oligosaccharides released from normal
human IgG-Fc. GN, N-acetylglucosamine; M, mannose; F, fucose; G, galactose.
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Unfortunately, there are several systems of nomenclature currently in use to represent
oligosaccharide structures and, consequently, antibody glycoforms (http://glycomics.
scripps.edu/CFGnomenclature.pdf; Crispin et al., 2007; Campbell et al., 2008; http://
glycobase.ucd.ie). Carbohydrate chemists and specialist mass spectrometry scientists,
amongst others, have developed different nomenclatures. A shorthand system has
evolved, for the non-specialist glycobiologists, particularly with respect the presence
or absence of galactose, fucose and bisecting N-acetylglucosamine residues. Thus,
the core heptasaccharide, devoid of galactose, fucose and N-acetylglucosamine is
designated G0 (zero galactose) and when bearing one or two galactose residues are
designated G1 and G2, respectively. The shorthand nomenclature for the heptasaccharide + fucose/galactose are: G0F, G1F and G2F; when bisecting N-acetylglucosamine
is present a B is added, e.g. G0B, G0BF, G1BF etc. This shorthand nomenclature is
illustrated in Figure 3b. The approximate composition of oligosaccharides released
from normal polyclonal human IgG-Fc is G0, 3 %; (G1), 3 %; G2, 6 %; G0F, 23 %;
G1F, 30 %; G2F, 24 %; G0BF, 3 %; G1BF, 4 %; G2BF, 7 % (Farooq, et al., 1997;
Routier, et al., 1998). It is similarly important to define the glycoform of the whole
IgG molecule since it has been shown that symmetrical and asymmetrical pairing of
heavy chain glycoforms occurs (Masuda, et al., 2000; Mimura, et al., 2007) it has
been hypothesised that enhanced ADCC may be observed for IgG in which only
one heavy chain bears oligosaccharide devoid of fucose (Ferrara et al., 2006); thus,
IgG-Fc bearing (G0/G0F) oligosaccharides should be as potent as one bearing (G0)2
oligosaccharides. The shorthand nomenclature is adopted within this review.
Methods able to determine the glycoform profile of specific IgG antibody populations produced within a normal polyclonal response have only recently been reported;
significant variations in the glycoform profiles for IgG antibodies having specificity
for platelet antigens being observed (Wuhrer et al., 2009). Analysis of monoclonal
human IgG proteins, isolated form the sera of patients with multiple myeloma, suggest that each plasma cell clone secretes IgG with an individual (unique!) glycoform
profile; including extremes for the presence or absence of fucose, galactose, bisecting
N-acetylglucosamine and sialic acid. (Jefferis et al., 1990; Farooq, et al., 1997). Interestingly, for individual patients the oligosaccharide profile of the IgG paraprotein was
shown to vary at different stages of the disease whilst that of the normal polyclonal
component remained stable (Farooq et al., 1997). This may provide an index of intraclonal variation that has not been evident from studies of protein or DNA sequences.
The oligosaccharide profiles of hybridoma and recombinant IgG proteins produced
in mammalian cells are significantly influenced by the cell type, the culture method
and conditions employed, however, the (G0F)2 glycoform predominates (see below).
Under conditions of stress, e.g. nutrient depletion, acid pH etc., deviant glycosylation may be observed e.g. the presence of high mannose forms and/or incomplete
occupancy (Pascoe et al., 2007).

IgG-Fc protein/oligosaccharide interactions
The oligosaccharide has yielded electron density in all except one of the IgG-Fc molecules and complexes subjected to X-ray crystallographic analysis (Deisenhofer, 1981;
Woof and Burton, 2004; Nezlin and Ghetie, 2004; Jefferis, 2009; Deisenhofer, 1981;
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Matsumiya et al., 2007; Sauer-Eriksson et al., 1995; Duquerroy et al., 2007; Sohi et
al., 1996; Corper, et al., 1997; Sondermann et al., 2000; Radaev et al., 2001; Krapp
et al., 2003); the exception being a complex formed between an IgG4-Fc and the Fab
fragment derived from an IgM rheumatoid factor (Sohi et al., 1996; Corper, et al.,
1997). In each case the core heptasaccharide has been resolved together with fucose
linked α(1-6) to the primary N-acetylglucosamine residue and galactose present, on
the α(1-6) arm; it is not known whether additional sugar residues were present, but
mobile. Sugar residues of the core and α(1-6) arm make multiple hydrophobic and
hydrophilic non-covalent interactions with inner face of the CH2 domain. A total of
72 interactions are possible, including potential for six CH2 protein/oligosaccharide
hydrogen bonds and six hydrogen bonds between sugar residues (Deisenhofer, 1981;
Padlan, 1990). The α(1-3)-Man-GlcNAc arms are orientated towards the internal space
between the CH2 domains and weak lateral interactions between sugar residues have
been suggested for some structures but not others (Deisenhofer, 1981, Girardi, et al.,
2009). Although direct interactions between FcγRIII and the oligosaccharide are not
observed (Sondermann et al., 2000; Radaev et al., 2001) aglycosylated IgG-Fc does
not activate this receptor. It is concluded, therefore, that the protein and oligosaccharide
each exert mutual influence on the conformation of the other.
Differential scanning micro-calorimetry and isothermal microcalorimetry has been
employed to compare the stability and FcγR binding activity of a series of homogeneous, normal, truncated and aglycosylated forms of IgG-Fc (Mimura et al., 2000;
Mimura et al., 2001). Fully galactosylated, (G2)2 and agalactosylated (G0)2 glycoforms of IgG-Fc exhibited two transition temperatures, Tm1 and Tm2 of 71.40 and
82.20, representing the unfolding of the CH2 and CH3 domains, respectively. These data
suggest that whilst the galactose residue on the α(1 – 6) arm has substantial contacts
with the protein structure it does not impact CH2 domain stability. Sequential removal
of the terminal GlcNAc and the two arm mannose residues, generating a (GlcNAc2Man)2 glycoform resulted in destabilisation of the CH2 domain and a lowering of
Tm1 to 67.70, Tm2 was unchanged. The thermodynamic parameters describing CH2
thermal denaturation of all IgG-Fc glycoforms was consistent with a cooperative unfolding. By comparison the unfolding of the CH2 domain of aglycosylated IgG1-Fc
was non-cooperative, involving at least one intermediate (Mimura et al., 2000). It was
proposed that this intermediate is a partially unfolded CH2 domain pair possessing
hinge proximal disordered/unfolded loops that may account for the compromised
functional activities of deglycosylated IgG and IgG-Fc (Mimura et al., 2000; Mimura
et al., 2001; Lund et al., 1990; Krapp et al, 2003).
These structural and binding studies show that the IgG-Fc (GlcNAc2Man)2 glycoform is sufficient for generation of lower hinge conformers compatible with FcγRI
and C1 binding and activation. It is proposed that, in addition to the covalent bond,
each GlcNAc2Man trisaccharide has the potential to form 31 non-covalent contacts
with the protein, at least three (3) being hydrogen bonds (Padlan, 1990). These data are
consistent with X-ray crystal data obtained for the same truncated IgG-Fc glycoforms
that showed progressive increases in the temperature factors for the CH2 domain, as
evidence of progressive structural disorder (destabilisation) (Mimura et al., 2000;
Krapp et al., 2003). Interestingly, in this study all attempt to obtain a crystal form
of deglycosylated IgG-Fc failed. This may be indicative of the structural destabilisation that results from complete removal of oligosaccharides. Truncation of the sugar
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residues results in the mutual approach of CH2 domains with the generation of a
”closed” conformation; in contrast to the ”open” conformation observed for the fully
galactosylated IgG-Fc (Krapp et al., 2003). These interpretations of the data should be
tempered by consideration of the temperature dependence of partial specific volume
of protein and carbohydrate. It is asserted, “…. the coefficient of thermal expansion
for the carbohydrate chain of the glycoprotein (IgG-Fc) is much larger than that for
the protein” (Mimura et al., 2000); all crystal structures of IgG-Fc have been generated from data collection at temperatures well below physiological. Given the unique
positioning of the oligosaccharide, between the two CH2 domains, it is possible that
the protein/oligosaccharide interactions could be significantly different at 37oC; one
might anticipate that the expansion of the oligosaccharide would enhance contact with
the protein moiety and lateral interactions between the two oligosaccharide structures,
reducing internal mobility for each.
A structural change localised to the hinge proximal region of the CH2 domain was
observed on comparison of the NMR spectra of glycosylated and aglycosylated IgG3Fc (Lund et al., 1990); assigned chemical shifts for histidine residues were employed
as reporter groups for local structural change. Two histidine residues in IgG3-Fc are
within bends of the CH2 domain, at residues 268 and 285, respectively, and three are
within the CH2/CH3 interface region. A change in local environment of His 268 only
was observed for the aglycosylated IgG3-Fc; this residue is not a contact residue for
the oligosaccharide. This evidence for a very restricted structural difference is in agreement with the lack of detectable change in epitope expression between glycosylated
and aglycosylated Fc, when probed with a panel of monoclonal antibodies (Walker et
al., 1989). Similarly, an NMR study of a truncated IgG-Fc glycoform bearing only a
fucosylated primary GlcNAc revealed a “subtle” conformational change in the lower
hinge region, in comparison with the wild type glycosylated protein. This glycoform
did not bind soluble recombinant FcγRIIIa (Yamaguchi et al., 2006).

Cellular IgG-Fc receptors
Two distinct functions for Ig-Fc receptors may be distinguished: i) to bind antibody/
antigen complexes and initiate effector functions leading to their removal and destruction, ii) to mediate transport across epithelial membranes, i.e. transcytosis.
i) IgG-Fc receptors (FcγR) mediating antigen clearance

Three types/classes of membrane bound human FcγR (FcγRI (CD64), FcγRII (CD32),
FcγRIII (CD16)) and six sub-types (FcγRI, FcγRIIA, FcγRIIB1, FcγRIIB2, FcγRIIC,
FcγRIIIA, FcγRIIIB) have been defined by immunochemical, biochemical and gene
sequencing studies (Radaev and Sun, 2002; Sondermann et al., 2001; Woof and Burton, 2004; Nimmerjahn and Ravetch, 2007; Nimmerjahn and Ravetch, 2008). These
receptors may be constitutively expressed, up regulated and/or induced by cytokines
generated and released within an inflammatory response. It is virtually impossible,
therefore, to predict the FcγR mediated sequalae of immune complex formation within
a polyclonal protective antibody response. Effector functions triggered are diverse and
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include inactivation and removal (e.g. phagocytosis, respiratory burst and cytolysis),
accessory functions such as the enhancement of antigen presentation by dendritic
cells, and the down-regulation of growth and differentiation of lymphocytes. It is
evident, therefore, that FcγRs play an important role in the induction, establishment
and resolution of protective immune responses.
Multiple parameters determine the structure and biological activities of immune
complexes: i) valency of the antibody, ii) average affinity/avidity of the antibody
population, iii) isotype of the antibody, iv) valency or epitope density of the antigen,
v) valency of individual effector ligands, v) cumulative valency when multiple ligands are engaged, e.g. FcγR and complement receptors etc, vii) proportions of each
antibody isotype within a polyclonal response (Lucisano Valim and Lachmann, 1991;
Michaelsen et al., 1991; Voice and Lachmann, 1997). The availability of panels of
recombinant antibody molecules of each human Ig isotype of identical epitope specificity has allowed the influence of some of these parameters to be determined and
summarizing in vitro studies of neutrophil activation Voice and Lachmann (1997)
concluded “…in vivo these results may translate into differential activation of neutrophils by soluble immune complexes, dependent on their characteristics, leading
to subtle nuances in the aetiology, pathology and control of the immune response..”.
These findings caution reserve when attempting to extrapolate from in vitro studies
to in vivo responses.
FcγRIA is frequently referred to as the high affinity receptor for IgG since, in early
studies, the binding of monomeric IgG1 and IgG3 is readily demonstrated; the affinity of IgG4 was reported to be an order of magnitude lower whilst binding of IgG2
could not be detected. The FcγRIA receptor is constitutive expressed on mononuclear
phagocytes and dendritic cells; however, expression can be up-regulated and/or induced
on leucocytes by the action of cytokines. FcγRIIA is the most widely expressed FcγR
and is found on most hemopoietic cells. Polymorphic variants of FcγIIA are identified
by the presence of histidine (FcγRIIA-131H) or arginine (FcγRIIA-131R) at amino
acid residue 131. The higher affinity of the FcγRIIA-131H form for IgG2 results in
differing ability to respond to engagement by IgG2 immune complexes (Warmerdam
et al., 1991). Comparative studies with PMNL from donors either homozygous for
FcγRIIA-131R or FcγIIA-131H showed the latter had higher phagocytic capacity for
Streptococcus pneumoniae opsonised with IgG2 antibody. A polymorphism within the
membrane distal domain of FcγRIIA does not appear to affect activity (Rodriguez et
al., 1999). The FcγRIIB receptor is expressed on B-lymphocytes and monocytes and
ligation of this receptor results in growth and differentiation inhibition.
Initially the FcγRIIIA receptor was reported to bind and be activated by IgG1 and
IgG3 only; however, recognition of a polymorphism in the receptor and the differential influence of IgG glycoforms has radically changed our understanding, with
important practical consequences. The avidity of binding of IgG differs between the
FcγRIIIA—158V and FcγRIIIA-158F polymorphic variants (Koene et al., 1997). It
was demonstrated, in vitro, that IgG1 antibody is more efficient at mediating ADCC
through homozygous FcγRIIIA-158V bearing cells than homozygous FcγRIIIA-158F
or heterozygous FcγRIIIA-158V/FcγRIIIA-158F cells (Koene et al., 1997). It was
anticipated, therefore, that similar differences in ADCC efficacy might pertain in
vivo, depending on the polymorphic form of FcγRIIIA expressed. This prediction
was verified in a study of the clinical response of patients receiving Rituxan who

16

R. Jefferis

had relapsed after conventional treatment for non-Hodgkin’s lymphoma (Cartron et
al., 2002); B cell depletion in patients with systemic lupus erythematosis was also
enhanced for those homozygous for FcγRIIIA-158V (Anolik et al., 2003). Similarly,
FcγRIIIA polymorphisms were shown to influence the response of Crohn’s disease
patients to infliximab (Louis et al., 2004) and red blood cell clearance by anti-D antibody (Miescher et al., 2004). By contrast FcγRIIIA polymorphism was shown not
to influence the response to humira in patients with chronic lymphocytic leukaemia
(Lin et al., 2005). Three parameters were thus defined that influence B cell clearance;
intrinsic properties of the target cell, the polymorphic form of the FcγRIIIA expressed
on effector cells and the glycoform of the rMAb (see below).
All FcγR are trans-membrane molecules, except FcγRIIIB that is glycosylphosphatidylinositol (GPI)-anchored within the membrane of neutrophils. FcγRI and FcγRIIIA
are members of the multi-chain immune recognition receptor (MIRR) family and are
present in the membrane as hetero-oligomeric complexes: an IgG/antigen complex
binding α chain and a signalling γ chain; the FcγRIIIA α chain of NK cells is associated
with a signalling ζ chain. FcγRIIA and FcγRIIB molecules are comprised of an α chain
only (Nimmerjahn and Ravetch, 2007; Nimmerjahn and Ravetch, 2008). The FcγR
alpha chains show a high degree of sequence homology in their extra cellular domains
(70-98%) but differ significantly in their cytoplasmic domains. The cytoplasmic domains
of γ chains and the FcγRIIA α chain express the immunoreceptor tyrosine-based activation motif (ITAM) that is involved in the early stages of intracellular signal generation.
By contrast the FcγRIIB receptor α chain expresses an immunoreceptor tyrosine-based
inhibition motif (ITIM) (Woof and Burton, 2004; Nimmerjahn and Ravetch, 2007;
Nimmerjahn and Ravetch, 2008). Cellular activation may be dependent on the balance
between the relative levels of expression of these two isoforms and hence the balance of
signals generated through the ITAM and ITIM motifs (Nimmerjahn and Ravetch, 2007;
Nimmerjahn and Ravetch, 2008). Since the FcγRIIIB is linked to the membrane by a
GPI moiety it cannot signal directly but there is evidence that on ligation it can associate
with trans-membrane molecules on the surface of neutrophils to deliver activation signals
(Edwards et al., 1997; Coxon et al., 2000; Shibata-Koyama, et al., 2009). Monomeric
IgG may bind and occupy FcγRs but is functionally monovalent and cannot cross-link
the receptors; activation or inhibition signals only result when FcγRs are cross-linked
by multivalent ligand forms i.e. IgG immune complexes. There is considerable interest
in the design of IgG molecules that differentially bind and activate FcγR (Shields et al.,
2001; Siberil et al., 2007; Desjarlais et al., 2007).

FcgR BINDING SITES ON IgG

Structural definition of ligand interaction sites of IgG-Fc allows for informed design
and engineering of new therapeutics with properties that may be optimal for a given
disease indication. The first ligand investigated was the high affinity FcγRI receptor, since the binding of radio-labelled IgG could be quantitated. Initially, candidate
residues were selected on the basis of sequence comparison of solvent accessible
residues in IgG isotypes of human and rodent origin that differed in their ability to
bind FcγRI (Woof et al., 1986) and the lower hinge sequence Leu234-Leu-Gly-Gly237
was proposed as critical. Subsequently alanine scanning confirmed this proposal and
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extended it to include FcγRII and FcγRIII (Lund, et al., 1991; Shields et al., 2001).
X-ray crystallographic analysis of IgG-Fc in complex with a soluble recombinant
form of FcγRIII, provided proof of the direct involvement of the lower hinge regions
and hinge proximal CH2 domain residues (Sondermann et al., 2000; Radaev et al.,
2001). The interaction site on the IgG-Fc is asymmetric and binds discrete conformations of the lower hinge residues of each heavy chain. Other residues of the hinge
proximal region of the CH2 domain also form contacts with FcγRIII. Interestingly,
one structure reveals a possible contribution of the primary N-acetylglucosamine
residue to binding (Sondermann et al., 2000) whilst the other primary publication
held that there is no direct contact (Radaev et al., 2001); in a subsequent review the
authors of the latter publication stated that the oligosaccharides contributes ~ 100 Å2
to the contact interface (Radaev and Sun, 2002; Radaev and Sun, 2001); this conclusion resulted from refinement of the crystal data (P. Sun – personal communication).
These investigators also demonstrated that whilst the binding of deglycosylated
IgG-Fc to the E. coli derived aglycosylated FcγRIIIa was undetectable the binding of
deglycosylated whole IgG was only decreased, 10–15-fold (Radaev and Sun 2001).
This serves to remind us to exercise caution when tempted to extrapolate from in vitro
experimental data to in vivo biological outcomes. Taken together these data suggest
that any direct contribution of the oligosaccharide to binding is minimal and that the
oligosaccharide contributes indirectly through its influence on protein conformation.
The involvement of both heavy chains in the formation of an asymmetric binding site
provides a structural explanation for an essential requirement - that the IgG should
be univalent for the FcγR; if monomeric IgG were divalent it could cross link cellular
receptors and hence constantly activate inflammatory reactions.

ROLE OF IgG GLYCOFORMS IN RECOGNITION BY CELLULAR FcγRs

Since glycosylation of IgG-Fc is essential to recognition and activation of effector
ligands quantitative and/or qualitative functional differences between glycoforms
might be anticipated. Analysis of the oligosaccharides released from IgG isolated
from the sera of patient with a number of inflammatory diseases, including rheumatoid
arthritis (Parek et al., 1985), inflammatory bowel disease (Go et al., 1994), vasculitis
(Holland et al., 2002), coeliac disease (Cremata et al., 2003), periodontal disease
(Novak et al., 2005) etc has revealed increases in the levels of non-galactosylated
glycoforms. In addition differentiation between rheumatic disease(s) is claimed for
“sugar mapping” (Alavi and Axford ,2006; Alavi and Axford, 2008). Studies employing
recombinant monoclonal antibodies have established that individual glycoforms can
have a very significant impact on functional activity (Jefferis, et al., 1998; Umana et
al, 1999; Davies et al., 2001; Shields et al., 2002; Shinkawa et al., 2003; Niwa et al.,
2005; Satoh et al., 2006; Anthony et al., 2008; Shibata-Koyama et al., 2009). This
leads one to speculate whether the immune system responds not only by production
of an optimal isotype but also an optimal glycoform. Analytical protocols employing
mass spectrometry are now providing the tools to determine the glycoform profile of
specific antibody populations and differences in the glycoform profiles of anti-platelet
antibodies, between individuals, has been reported (Wuhrer et al., 2009); it remains
to be seen whether these differences are related to disease activity.
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SIALYLATION OF IgG-Fc OLIGOSACCHARIDES

A minority of oligosaccharides released from polyclonal IgG-Fc are sialylated whilst
~ 70 % bear one or two galactose residues (Jefferis et al., 1990; Rudd et al., 1997;
Routier et al., 1998). The paucity of sialylation is presumed to reflect the intimate
integration of the oligosaccharides within the IgG-Fc structure such that the steric/
spatial requirements of the α(2,6) sialyltransferase cannot be met, rather than being
due to any deficit in the sialylation machinery. This conclusion is supported by the
finding that when both IgG-Fc and IgG-Fab are glycosylated the latter bears highly
galactosylated and sialylated structures, demonstrating that the glycosylation machinery is fully functional. The presence or absence of terminal galactose and/or sialic
acid residues does not influence catabolism since IgG is not catabolised in the liver,
via the asialoglycoprotein receptor (ASGPR), but by multiple cell types expressing
FcRn. The balance between structure and accessibility is well illustrated for a panel
of IgG-Fcs in which individual amino acid residues making contacts with the oligosaccharide were replaced by alanine. In each case hypergalactosylated and highly
sialylated glycoforms resulted, suggesting some relaxation of structure allowing access
to glycosyl transferases (Lund et al., 1996).
Recent studies suggest that sialylated human IgG-Fc may be anti-inflammatory,
relative to asialylated IgG-Fc. In two reports it was claimed that the anti-inflammatory
activity resulted from reduced affinity of binding to IgG-Fc receptors (Kaneko et
al., 2006; Scallon et al., 2007). However, it was subsequently shown that the antiinflammatory activity is mediated by sialylated glycoforms of IgG-Fc binding and
activating the C-type lectin SIGN-R1, expressed on mouse macrophages. The human
analogue of SIGN-R1 is DC-SIGN (Anthony et al., 2008).

THE INFLUENCE OF GALACTOSYLATION ON IgG-Fc ACTIVITIES

Differences in galactosylation is a major source of IgG-Fc glycoform heterogeneity.
The distribution for normal adult serum derived IgG-Fc is agalactosyl (G0 + G0F +
G0BF), 20 – 25 %, mono-galactosyl (G1 + G1F + G1bF), 35 – 45 % and di-galactosyl
(G2 + G2F + G2BF), 10 – 20 % (Jefferis et al., 1990; Rudd et al., 1997; Routier et al.,
1998). Lower levels of IgG-Fc galactosylation are observed for older adults and there
is also a small but significant gender difference (Yamada et al., 1997). An increase
in IgG-Fc galactosylation occurs over the course of a normal pregnancy with levels
returning to the adult norm following parturition (Williams et al., 1995; Kibe et al.,
1996). Hypogalactosylation of IgG-Fc is reported for a number of inflammatory states
associated with autoimmune diseases (Parek et al., 1985; Go et al., 1994; Holland et
al., 2002; Cremata et al., 2003; Novak et al., 2005; Alavi and Axford ,2006; Alavi
and Axford, 2008). The extent of IgG-Fc galactosylation observed for monoclonal
human myeloma IgG proteins is highly variable, indicating that the level of IgG-Fc
galactosylation is a clonal property (Farooq et al., 1997. The antibody products of
CHO, Sp2/0 and NS0 cell lines used in commercial production of recombinant antibody are generally highly fucosylated but hypogalactosylated, relative to normal
human IgG (Umana et al, 1999; Davies et al., 2001; Shields et al., 2002; Shinkawa
et al., 2003; Niwa et al., 2005; Satoh et al., 2006; Shibata-Koyama et al., 2009); it is
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necessary therefore, to consider the possible impact of differential IgG-Fc galactosylation on functional activity.
Initially, the coincidence of IgG-Fc hypogalactosylation and the presence of autoantibodies, rheumatoid factors (RF), with specificity for IgG-Fc in the serum of patients
with rheumatoid arthritis (RA) fuelled speculation of cause and effect, i.e. that the
lack of galactose on the α(1,6) arm generates a denatured and immunogenic form of
IgG. The finding of hypogalactosylation in a number of other autoimmune/inflammatory diseases, in the absence of RF and RA, and its presence in normal serum derived
IgG negates this proposition, however; levels of galactosylation can be an index of
inflammation that has diagnostic, prognostic and management potential (Alavi and
Axford, 2006; Alavi and Axford, 2008). Several studies have probed the influence of
the presence or absence of galactose residues on IgG-Fc structure and function, with
conflicting reports. A NMR study of galactosylated (G1F, G2F) and agalactosylated
(G0F) glycoforms of IgG-Fc reported the mobility of the glycan to be comparable to
that of the backbone polypeptide chain, with the exception of the galactose residue
on the α(1,3) arm, which was highly mobile; it was concluded that agalactosylation
does not induce any significant change in glycan mobility and that it remains “buried” within the protein structure (Yamaguchi et al., 1998). This report is consistent
with binding and stability studies showing minimal differences between G0 and G2
glycoforms (Mimura et al., 2000; Mimura et al., 2001; Maenaka et al., 2001) and
crystal structures (Krapp et al., 2003) of a series of truncated glycoforms of IgG-Fc.
A sophisticated NMR study probed changes in local environments on the binding of
soluble recombinant FcγRIII to G2F and G0F glycoforms of IgG1-Fc and reported
chemical shift differences > 0.2 ppm for Lys248 and Val308 residues (Yamaguchi, et al.,
2006); this is a very localised change distant from the interaction site for the FcγRIIIa
moiety. The finding of a changed environment for these residues is interesting since
they were not predicted, from the crystal structure, to make contacts with the α(1-6)
arm galactose residue; small perturbations for the oligosaccharide contact residues
Lys246, Asp249, Thr256 were also observed. Conflicting data was reported from an
earlier NMR study which concluded that glycans with α(1,6) galactose residues had
the same relaxation time as the protein backbone, whilst in the absence of α(1-6) arm
galactose the glycan had relaxation rates 30 times slower, indicating high mobility and
freedom from interactions with the protein structure (Wormold et al., 1997).
Studies of the influence of terminal galactose residues on IgG-Fc effector functions
have also resulted in conflicting reports; probably because the impact of core fucosylation was not appreciated in earlier studies (Mimura et al., 2000; Mimura et al., 2001;
Lund et al., 1990; Krapp et al., 2003; Walker et al., 1989; Yamaguchi et al., 2006;
Kumpel et al, 1995; Groenink et al., 1996; Kumpel et al., 2007). Only a “slight” differences in binding/adherence to FcγRI, FcγRII or FcγRIII bearing cells was reported
for highly galactosylated anti-D antibody, compared to pauci-galactosylated anti-D,
however, a consistent reduction in lysis of erythrocytes mediated through FcγRIIIA
on NK cells was reported (Kumpel et al, 1995; Groenink et al., 1996; Kumpel et al.,
2007). No difference in binding or receptor mediated signalling though FcγRII was
reported for G0 and G2 glycoforms of the anti-CD52 humanised IgG1 Campath-1H
antibody (Boyd et al., 1995).
As previously stated recombinant IgG antibody therapeutics secreted by mammalian cell lines adapted for commercial production are hypogalactosylated, relative to

20

R. Jefferis

normal IgG-Fc. The possible consequences for in vivo activity are extrapolated from
in vitro assays and animal experiments. Removal of terminal galactose residues from
Campath-1H was shown to reduce CDC but to be without effect on FcγR mediated
functions (Boyd et al., 1995). Similarly, the ability of rituximab to kill tumour cells
by CDC was shown to be increased by a factor of two (2) for the (G2F)2 glycoform,
in comparison to the (G0F)2 glycoform (http://www.fda.gov/cder/biologics/review/
ritugen112697-r2.pdf). The product that gained licensing approval was comprised
of ~ 25 % of the G1F oligosaccharide, therefore, regulatory authorities required that
galactosylation of the manufactured product be controlled to within a few % of this
value.

THE INFLUENCE OF FUCOSE AND BISECTING N-ACETYLGLUCOSAMINE ON IgG-Fc
ACTIVITIES

A comparison of the ability of antibody produced in different cell lines to mediate
ADCC showed the product of rat YB2/0 cells to be more active than the product of
CHO or Sp2/0 cells (Lifely et al., 1995). Analysis of the oligosaccharide profiles of
these antibodies showed a possible correlation of ADCC activity with the ability of
YB2/0 cells to produce IgG glycoforms bearing a bisecting N-acetylglucosamine
residue. This rationale appeared to be vindicated by the demonstration of increased
FcγRIII mediated ADCC for antibody produced in CHO cells that had been transfected
with the human β 1,4-N-acetylglucosaminyltransferase III (GnTIII) gene and shown
to be producing antibody bearing bisecting N-acetylglucosamine residues (Umana et
al., 1999; Davies et al, 2001). A profound increase in FcγRIII mediated ADCC was
also reported for antibody produced in a mutant CHO cell line that failed to add either
bisecting GlcNAc or fucose (Shields et al., 2002). Comparison of the ability of fucosylated and non-fucosylated glycoforms bearing bisecting GlcNAc of IgG antibody
to mediate ADCC led to the conclusion that it is the absence of fucose rather than the
presence of bisecting GlcNAc that accounts for increased FcγRIIIA mediated ADCC
(Shinkawa et al., 2003); the rationale being that expression of GnTIII in CHO cells
with the addition of bisecting N-acetylglucosamine inhibits the endogenous α(1,6)
– fucosyltransferase and the addition of fucose (Ferrara et al., 2006). Transfection of
CHO cells with genes for chimeric transferases that localize the GnTIII transferase
to an earlier Golgi compartments resulted in increased addition of bisecting GlcNAc
with increased inhibition of the addition of fucose and consequent increased ADCC
(Ferrara et al., 2006). It is difficult to reconcile these data with the conclusion of
Davies et al. (2001) who credited the improved ADCC to an IgG glycoform bearing
bisecting GlcNAc and fucose. A possible explanation for this discrepancy could be
that only the major glycoforms were positively characterized in this study and that the
increased ADCC activity observed was due to the presence of a minor but increased
population of non-fucosylated glycoforms. It should be noted that the glycoform
bearing bisecting GlcNAc but the absence of fucose is a minor component (< 3 %)
of oligosaccharides released from normal polyclonal human IgG-Fc but may be a
predominant glycoform for monoclonal myeloma IgG proteins.
Surface plasmon resonance studies show that non-fucosylated IgG-Fc binds soluble recombinant FcγRIII with higher affinity than does the fucosylated form whilst
aglycosylated IgG-Fc shows no evidence of binding (Okazaki et al., 2004; Niwa, et
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al., 2005). A similar study of the binding of different glycoforms of FcγRIII showed
that glycosylation at asparagine 162 of the receptor influenced IgG-Fc binding, with
aglycosylation at this site resulting in increased affinity for the normal fucosylated
glycoform of IgG-Fc (Drescher et al., 2003; Ferrara et al., 2006b). This residue is at
the interface between the FcγRIIIA receptor and IgG-Fc and it was suggested that the
presence of fucose on IgG-Fc might result in steric inhibition of glycosylated FcγRIIIA
binding (Ferrara et al., 2006b). It was concluded that high affinity IgG-Fc/FcγRIIIA
binding requires an interaction of sugar residues attached at Asn 162 with surface
structures of the non-fucosylated IgG-Fc glycoform and that due to the asymmetry
of the IgG-Fc/FcγRIIIA interaction one non-fucosylation heavy chain, within an IgG
molecule, would be sufficient for tight binding. Interestingly, it was shown that the
increased affinity for the non-fucosylated glycoform of IgG-Fc was negated when
FcγRIIIA was not glycosylated at Asn 162 (Ferrara et al., 2006b). The presence or
absence of fucose was shown not to influence the binding affinity of IgG-Fc for the
inhibitory FcγRIIB receptor and it was suggested that IgG antibody glycoform might
be a sensitive modulator of FcγRIIIA mediated ADCC; through tissue specific production of different Asn 162 glycoforms of FcγRIIIA (Ferrara et al., 2006b; Edberg and
Kimberley, 1997). Although most studies were conducted with IgG1 subclass proteins
increased ADCC was also demonstrated for non-fucosylated IgG3 and IgG4 antibodies, with some activity also being observed for IgG2 (Niwa et al., 2005). Increased
ADCC activity was also reported for non-fucosylated glycoforms of CH1/CL deleted
fusion proteins and could, presumably, be extended to ligand-IgG-Fc fusion proteins
in general (Bitonti et al, 2006; Shoji-Hosaka et al., 2006).
Non-fucosylated oligosaccharides account for ~ 10 % of those released from normal
polyclonal IgG-Fc. Given random pairing between different heavy chain glycoforms a
maximum of ~ 10 % of assembled IgG molecules may be anticipated to be comprised
of one non-fucosylated heavy chain, with variable galactosylation. Given the asymmetry
of the interaction of IgG-Fc with FcγRIII the presence of one non-fucosylated heavy
chain should result in increased affinity and ADCC function (Ferrara et al., 2006b).
Studies of human IgG myeloma proteins, however, show that antibody producing plasma
cell clones can secret predominantly non-fucosylated IgG glycoforms (Jefferis et al.,
1990; Farooq et al., 1997). Thus, polyclonal IgG may similarly contain populations of
IgG comprised of two non-fucosylated heavy chain glycoforms. The significance of
fucosylation has been established from studies of monoclonal antibody therapeutics,
in vitro (Niwa et al., 2005; Natsume et al., 2005; Natsume et al., 2006; Susuki et al.,
2007; Okazaki et al., 2004); however, improved functional efficacy for non-fucosylated
antibody therapeutics has been reported for ex vivo studies (Susuki et al., 2007). It has
been established that IgG at normal serum concentrations can inhibit NK cell mediated
ADCC; however, the increased affinity of afucosylated IgG for FcγRIII overcomes this
inhibitory effect and accounts for the improvement in activity (Ferrara et al., 2006; Niwa
et al., 2005; Natsume et al., 2005; Natsume et al., 2006; Susuki et al., 2007; Okazaki
et al., 2004; Masuda et al., 2007). A stable fucosyl transferase “knockout” CHO-K1
cell line has been generated and developed as a commercial vehicle for the production
of non-fucosylated antibody products:
(http://www.lonza.com/group/en/company/news/archive/news_2007/strategic_collaboration.html; http://www.kyowa-kirin.co.jp/english/news/kyowa/er080715_01.html).
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The foregoing discussion was developed around functionality with respect to mononuclear peripheral blood leucocytes; however, a different claim has been made for
polymorphonuclear cells, namely neutrophils (Peipp et al., 2008). A study employed
two batches of a monoclonal antibody with specificity for epidermal growth factor
receptor; one with a high fucose content and the other lower fucose content. It was
reported that the batch with the higher fucose content was more active in neutrophil
mediated ADCC than that with low fucose content. A contrary result is reported for
neutrophil mediated phagocytosis of killed CD20+ lymphoma B cells with exposure
to non-fucosylated rituximab resulting in enhanced phagocytosis, in comparison with
exposure to the fucosylated form (Shibata-Koyama et al., 2009).
FcRn
i) Transcytosis

The FcRn receptor was first identified from studies of the transport of IgG across the
gut of new-born rats and designated the neonatal Fc receptor; subsequently the human
homologues was identified in human placenta and was presumed to effect transport
IgG from mother to foetus (Simister, 1989; Ghetie and Ward, 2002; Nezlin and Ghetie,
2004; Roopenian and Akilesh, 2007). Interestingly, this Fc receptor is a structural
homologue of MHC Class I molecules, rather than the three classes of cellular FcγR
previously defined (West et al., 2000). The interaction site on IgG-Fc is at the CH2/
CH3 interface and the CH3 sequence -H-N-H-Y-H- (433-436) is of functional significance since titration of these histidine residues accounts for the observed binding of
IgG to FcγRn at pH 6.0-6.5 and its release at pH 7.0-7.5 (Simister, 1989; Ghetie and
Ward, 2002; Nezlin and Ghetie, 2004; Roopenian and Akilesh, 2007; Vaccaro, et al.,
2005). The interaction of IgG-Fc with FcRn appears not to be influenced by the natural
glycoform profiles, or indeed the presence or absence of oligosaccharides
Each of the four human IgG subclasses are transferred across the placenta; however,
with differing facility. Cord blood levels of IgG1 may be higher than in matched
maternal blood whilst IgG3 and IgG4 levels are equivalent. The level of IgG2 is ~
60 % of the concentration in maternal blood (Simister, 2003). It is of interest to note
that IgG3 is transferred with equal efficacy to IgG1 although it has a shorter half-life;
suggesting that its interaction with FcRn in the environment of the placenta may be
different from that in endosomes in the catabolic pathway. It is also observed that
during pregnancy the level of galactosylation of maternal IgG increases and that there
is preferential transport of galactosylated IgG across the placenta (Williams et al.,
1995; Kibe et al., 1996). This provides circumstantial evidence to suggest that the
affinity of IgG for FcγRn may differ between glycoforms, under conditions operative
at the interface between the mother and the placenta.
The long half-life of IgG antibodies is being exploited through the generation of
fusion proteins, e.g. single chain Fv-Fc (scFv-Fc)2, cytokine-IgG-Fc therapeutics. The
presence of the IgG-Fc region contributes to improved stability, pharmacokinetics and
pharmacodynamics. A further development opens a new route for administration. It
has been shown that FcRn is expressed in the central and upper airways of the lung
and that drug-IgG-Fc fusion proteins delivered to these sites can be transported, by
transcytosis, to the systemic circulation. This is an exciting development with con-
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siderable promise and significance (Shoji-Hosaka et al., 2006; Bitonti and Dumont,
2006; http://www.syntnx.com/home.php; Woodnutt et al., 2008).
ii) Catabolism

The catabolic pathway of human IgG antibodies is mediated by FcRn, which is
expressed on many tissues (Simister, 1989; Ghetie and Ward, 2002; Roopenian and
Akilesh, 2007; West, et al., 2000; Nezlin and Ghetie, 2004; Vaccaro, et al., 2005;
Simister 2003). The mechanism of action is essentially that proposed, as a theoretical
model, by Brambell and Hemmings (1964). It was proposed that normal cellular activity of uptake of fluid with the formation of pinocytotic vacuoles includes uptake of
IgG by cells expressing FcRn. Subsequent lowering of pH results in saturation binding
of IgG to FcRn and protection from degradation by enzymes present in the vacuole,
unbound IgG being degraded. When the membrane of the vacuole is re-expressed as
the cellular membrane the IgG bound to FcRn is exposed to pH 7.2 and dissociates
into the tissue fluid. The catabolic half-life of human IgG3 is reported as ~7 days,
in contrast to 21 days for IgG1, 2 & 4; however, these data have been obtained for
IgG3 molecules of G3m(b) and G3m(g) allotype in which arginine replaces histidine
at residue 435 (Jefferis and Lefranc, 2009) which could result in a lowered affinity
for FcRn. Since IgG3 is efficiently transported across the placenta it would appear
that IgG3-FcRn interactions differ when effecting placental transport or catabolism;
it would be of interest to determine the catabolic half-life of IgG3 molecules of the
G3m(s,t) allotype which has a histidine residue at 435 (Jefferis et al., 1984; Jefferis
and Lefranc, 2009). The catabolic half-life of IgG mediated through FcRn does not
appear to be influenced by IgG-Fc glycoform (Nezlin and Ghetie, 2004; Roopenian and
Akilesh, 2007); however, it should be emphasised that only glycoforms of IgG bearing
neutral oligosaccharides have been evaluated. It may be anticipated that sialylation
could influence IgG-FcRn interactions since they would introduce a negative charge
in the vicinity of the histidine residues involved in FcRn binding. Protein engineering has been successfully applied to increase the affinity of IgG-Fc binding to FcRn
and hence to increase the catabolic half-life (Hinton et al., 2006). Prolongation of the
half-life of an IgG therapeutic could translate into reduced frequency of dosing and
attendance at clinic; thus reducing the cost of treatment (CoT).
There is evidence that glycoproteins expressing terminal N-acetylglucosamine residues may be cleared through the mannose receptor, although it is hypothesised that
GlcNAc residues expressed on G0 forms of IgG-Fc may not be accessible (Dong et al.,
1999) to the receptor. Enhanced clearance of glycoforms of the IgG-Fc/TNF receptor
fusion protein therapeutic (Lenercept) having exposed terminal N-acetylglucosamine
residues has been reported and it was concluded, or surmised, that clearance was
mediated through the mannose receptor (MR) (Jones et al., 2007; Keck et al., 2008).
By contrast (G0F)2 glycoforms of IgG have been shown to be less susceptible to enzymatic degradation, by papain, than the (G2F)2 glycoform (Raju and Scallon, 2007);
however, aglycosylated IgG is more susceptible to degradation by this enzyme (Raju
and Scallon, 2006). The latter studies may not be immediately relevant to normal in
vivo activities; however, it can serve to alert us to monitoring susceptibility to enzymatic cleavage when generating engineered forms of IgG-Fc.
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Complement activation
CLASSICAL PATHWAY: C1q/C1 BINDING AND ACTIVATION

The C1 component of complement is comprised of the three proteins C1q, C1r and C1s.
Binding of immune complexes to the C1q component activates C1 to generate an enzyme
that initiates the classical pathway. It is established that C1q/C1 activation is dependent on
IgG-Fc glycosylation and that glyco-engineering can be employed to modulate activity
(Burton, 1985; Boyd et al., 1995; Woof and Burton, 2004; Nezlin and Ghetie, 2004; Jefferis,
2009; http://www.fda.gov/cder/biologics/review/ritugen112697-r2.pdf). An early study
reported that complement activation by rituximab varies with the level of galactosylation
(http://www.fda.gov/cder/biologics/review/ritugen112697-r2.pdf); similar observations
have not been reported for other recombinant antibodies produced by Chinese hamster ovary
cells, but they have been rumoured. Activation is dependent on multiple parameters that
determine the nature of the immune complexes formed. Immune complexes incorporating
IgG1 and/or IgG3 antibody are highly active whilst for IgG2 only complexes formed in
antigen excess may be active; there is a consensus that IgG4 does not activate the classical
pathway (Lucisano Valim and Lachmann, 1991; Michaelsen et al., 1991; Voice and Lachmann, 1997; Aase and Michaelsen, 1994; Aalberse and Schuurman, 2001; Campbell, 2004;
Bajtay et al., 2006; Macor and Tedesco, 2007; van der Neut Kolfschoten et al., 2007). A
hybrid IgG1/IgG3 molecule has been shown to exhibit enhanced activity, relative to either
IgG1 or IgG3 alone (Natsume et al., 2008). Activation of C1q/C1 initiates a cascade of
enzymatic reactions with cleavage of complement components to generate fragments that
bind to the immune complex whilst liberating other fragments that that recruit leucocytes to
augment the inflammatory response. In addition to expressing FcγR the leucocytes may also
express receptors for complement fragments bound to the complex, thus further opsonising
it (Bajtay et al., 2006; Macor and Tedesco, 2007). The complement cascade also results
in the formation of a multimeric “membrane attack complex” that inserts into cellular and
bacteria walls to generate a “pore” that allows the ingress of water and consequent lysis
(Podack and Deyev, 2007).
Protein engineering studies suggest that the human IgG1 interaction site for C1q/
C1 is localised to the hinge proximal region of the CH2 domain (Duncan and Winter,
1988; Morgan et al., 1995; Lund et al., 1996; Shields et al., 2001). This proposal is
supported by the demonstration that replacement of the Pro 331 residue of IgG4 by
serine converts it to a molecule that can activate C1; proline 331 is localised at the
junction of the b6 bend and the fy3 β-strand and is topographically proximal to histidine 268 (Aalberse and Schuurman, 2001; van der Neut Kolfschoten et al., 2007). It is
likely that replacement of proline by serine has a significant effect on local secondary/
tertiary in the hinge proximal region. Extensive studies of mutant chimeric human
IgG3 proteins have established that the efficiency of C1 activation is not directly
determined by the length of the hinge region but that at least one inter-heavy chain
disulphide bridge is required (Michaelsen et al., 1994; van der Neut Kolfschoten et
al., 2007; Wang and Weiner, 2008).
LECTIN PATHWAY ACTIVATION: MANNAN-BINDING LECTIN

The serum protein mannan binding lectin (MBL) and the cellular MR each recognises and bind arrays of GlcNAc, in addition to mannose (Nezlin and Ghetie,
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2004; Malhotra et al., 1995; Garred et al., 2000; Arnold et al., 2005; Saevarsdotti
et al., 2004; Arnold et al., 2006). The MBL molecule is a structural homologue of
C1q that forms complexes with MASP-1, MASP-2 and MASP-3 (MBL associated
serine proteases) molecules that are the homologues of C1s and C1r. The MBL/
MASP complexes circulates in the blood and when activated triggers the complement cascade through the initial binding and cleavage of C4, as for the C1 complex.
A degalactosylated form of IgG1 was shown to bind and activate the MBL/MASP
complex and initiate a consequent cascade (Malhotra et al., 1995). It is possible
that immune complexes comprised of G0/G0F IgG-Fc may engage and activate
MBL in vivo such that in inflammatory diseases, characterised by increased levels
of G0F IgG-Fc glycoforms, activation of the lectin pathway may contribute to and
perpetuate inflammation (Garred et al., 2000; Arnold et al., 2005; Saevarsdotti et
al., 2004; Arnold et al., 2006).

The mannose receptor
The mannose receptor (MR) is a C-type lectin, expressed at the surface of macrophages, endothelial and dendritic cells that recognises arrays of mannose and Nacetylglucosamine residues (Taylor et al., 2003; Gazi, and Martinez-Pomares, 2009).
Of particular interest is uptake by dendritic cells since they are “professional” antigen
presenting cells that initiate protective immune responses, but may also be implicated
in the generation of autoimmunity (Cambi and Figdor, 2003; Gazi, and MartinezPomares, 2009). It may also be relevant to the generation of immune responses to
monoclonal antibody therapeutics; thus, the predominance of G0F glycoforms, with
exposed terminal N-acetylglucosamine residues, may similarly result in immune
complex uptake by dendritic cells and the presentation of non-self peptides generated from the antibody, e.g. mouse V regions, idiotypic determinants etc. The TNF
receptor component of Lenercept has been shown to bear oligosaccharides having
terminal N-acetylglucosamine residues and to be predisposed to clearance through
the mannose receptor (Jones et al., 2007; Keck et al., 2008). This role for MR has
been disputed and there is evidence that enhanced antigen presentation is through the
processing of glycoproteins taken up by DC-SIGN, another C-type lectin molecules
(Cambi and Figdor, 2003; Anthony et al., 2008).

IgG-Fab glycosylation
It is established that ~ 30 % of polyclonal human IgG molecules bear N-linked oligosaccharides within the IgG-Fab region, in addition to the conserved glycosylation
site at Asn 297 in the IgG-Fc (Youings et al., 1996; Holland et al., 2006; Jefferis,
2007; Jefferis, 2009). When present they are attached within the variable regions of
the kappa (Vκ), lambda (Vλ) or heavy (VH) chains; sometimes both. In the immunoglobulin sequence database ~ 20 % of expressed IgG variable regions have N-linked
glycosylation consensus sequences (Asn-X-Thr/Ser; where X can be any amino acid
except proline). Interestingly, these consensus sequences are mostly not germline
encoded but result from somatic hypermutation – suggestive of positive selection for
improved antigen binding. Analysis of polyclonal human IgG-Fab reveals the presence
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of diantennary oligosaccharides that are extensively galactosylated and substantially
sialylated, in contrast to the oligosaccharides released from IgG-Fc (Youings et al.,
1996; Holland et al., 2006; Jefferis, 2007; Jefferis, 2009). This pattern was maintained
for IgG-Fab prepared from hypogalactosylated IgG isolated from the sera of patients
with Wegner’s granulomatosis or microscopic polyangiitis (Holland et al., 2006).
Thus, factors within the local environment of IgG producing plasma cells, in vivo,
influence the efficacy of glyco-processing of IgG-Fc but not IgG-Fab during passage
through the Golgi apparatus. The functional significance for IgG-Fab glycosylation
of polyclonal IgG has not been fully determined but data emerging for monoclonal
antibodies suggests that Vκ, Vλ or VH glycosylation can have a neutral, positive or
negative influence on antigen binding (Jefferis, 2007; Jefferis, 2009). The differences
observed for polyclonal IgG-Fc and IgG-Fab glycoforms has been maintained for
recombinant antibodies produced in CHO cells and myeloma IgG proteins (Mimura
et al., 2000; Mimura et al., 2001; Yamaguchi et al., 2006; Mimura et al., 2007)
The influence of glycosylation on the thermal stability of human IgG1-Fc has
been demonstrated in DSMC and X-ray crystallographic studies (Mimura et al.,
2000; Mimura et al., 2001; Krapp et al., 2003). Since it is generally observed that
the oligosaccharide present in glycoproteins contributes to solubility and stability it
is possible that IgG-Fab glycosylation may similarly be beneficial, particularly when
formulating IgG therapeutics at concentrations of 100 – 150 mg/ml. Such high concentration formulations allow the development of self-administration protocols and
can reduce dosing intervals, resulting in reduced COT. Controlling glycoform fidelity
at two sites offers a further challenge to the biopharmaceutical industry.
The licensed antibody therapeutic Erbitux (cetuximab), bears an N-linked oligosaccharide at Asn 88 of the VH region; interestingly there is also a glycosylation
consensus sequence at Asn 41 of the VL but it is not occupied (Qian et al., 2007).
Analysis of the IgG-Fc and IgG-Fab oligosaccharides of Erbitux, produced from
Sp2/0 cells, reveal highly significant differences in composition. Whilst the IgGFc oligosaccharides are typical, i.e. comprised predominantly of diantennary G0F
oligosaccharides, the IgG-Fab oligosaccharides are extremely heterogeneous and
include complex diantennary, triantennary and hybrid oligosaccharides; non-human
oligosaccharides were also present, e.g. galactose in α(1,3) linkage to galactose and
N-glycylneuraminic acid residues.
A recent study reported that of 76 patients treated with Erbitux 25 had hypersensitivity reactions to the drug and this was shown to be due to the presence of IgE anti-gal
α(1,3) gal antibodies. Interestingly, environmental factors appeared to influence the
development of IgE anti-gal α(1,3) gal responses and IgE antibodies were detected
in pre-treatment samples from 17 of the patients (Chung et al., 2008). The incidence
varied significantly between treatment centres and may be linked to differences in
predominant infectious agents present in local environments.
A detailed analysis of the glycoforms of a humanised IgG rMAb bearing oligosaccharides at Asn 56 of the VH and Asn 297, also produced in Sp2/0 cells, reveals the
expected IgG-Fc glycoform profile of predominantly G0F oligosaccharides; however,
eleven oligosaccharides were released from the IgG-Fab, including diantennary and
triantennary oligosaccharides bearing gal α(1,3) gal, N-glycylneuraminic acid and
N-acetyl galactosamine residues (Huang et al., 2006). The consistent observation of
higher levels of galactosylation and sialylation for IgG-Fab N-linked oligosaccharides,
in comparison to IgG-Fc, is thought to reflect increased exposure and/or accessibility.
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In view of these experiences it would seem that the perceived virtues of the NS0 and
Sp2/0 cells might best be pursued by engineering to inactivate the gal α(1–3) and
N-glycylneuraminic acid transferases.
The double challenge to produce of rMAbs having appropriately glycosylated IgGFc and IgG-Fab has led to some companies engineering out VH or VL glycosylation
motifs when present in candidate rMAbs (Carter et al., 1992); however, present reports
suggest that CHO cells can glycosylate VH and/or VL motifs in a similar manner to
that observed for normal polyclonal IgG (Lim et al., 2008).

IgG binding proteins produced by pathogens.
Unique host/parasite relationships have evolved that include the production, by bacteria
and virus, of molecules that specifically recognise and bind host immunoglobulins
(Woof and Burton, 2004; Nezlin and Ghetie, 2004; Jefferis, 2009; Deisenhofer, 1981;
Padlan, 1996; Shields et al., 2002; Burton, 1985; Nitsche-Schmitz et al., 2007; Olsen
et al., 1998; Lubinski et al., 1998; Atalay et al., 2002; Sprague et al., 2004; Rhodes and
Trowsdale, 2007). These phenomena are of profound significance for an understanding
of host/parasite interactions that may compromise the immune system and include:
i.

The ability of a pathogen to coat its surface with host protein in order to evade
immune recognition.

ii.

The complexed surface immunoglobulin may facilitate entry into cells through
Ig-Fc and/or complement receptors.

iii. The induction of virus encoded IgG-Fc receptor proteins on virus-infected cells
may facilitate the uptake of virus/IgG immune complexes, thus amplifying
infection.
Elucidation of the structural basis for Ig recognition could contribute to an understanding of common and/or unique elements in these mutual recognition phenomena. Detailed structural data is available only for SpA and SpG binding to IgG-Fc
(Deisenhofer, 1981; Sauer-Eriksson et al., 1995) and SpA and SpG binding to a Fab
fragments (Derrick et al., 1994; Graille et al., 2000). Inferred structural specificity
is available for herpes simplex virus Fc receptor and hepatitis C virus core protein
binding to IgG-Fc (Armour et al., 2002; Namboodiri et al., 2007) Interestingly, the
bacterial and viral IgG binding protein share overlapping interaction sites on IgG-Fc,
namely the inter-CH2/CH3 domain region. This is also the region of the molecule
that expresses the interaction site for FcRn; therefore, when engineering IgG-Fc to
modulate interactions with FcRn, and influence catabolic half-life, the consequent
impact on binding other ligands should be taken into account.

Antibody production in non-mammalian systems
It will be evident that an ability to produce selected homogenous glycoforms of
recombinant antibody molecules could be advantageous. Manipulation of culture
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conditions for mammalian cells can have a limited, but significant, influence on the
glycoform profile of product (Andersen and Reilly, 2004; Pascoe, et al., 2007) and
may allow for manipulation of the glycoform profile over the time of a production
run. Cell engineering is being undertaken in order to “knock-out” and/or “knock-in”
genes encoding for selected glycosyltransferases; as illustrated above. The development of alternative production vehicles to mammalian cells has been hindered by their
inability to effect human type PTMs (Walsh and Jefferis, 2006); however, systematic
cell or whole organism engineering is overcoming these limitations.
PLANTS

Human protein sequences can be produced with fidelity in plants (Liénard et al., 2007)
but post-translational modifications present a problem, particularly for glycosylation.
Plants can add human type “core” diantennary oligosaccharides but they also add α(1,3)
fucose and β(1,2) xylose sugar residues that are not expressed in humans and are reported
to be immunogenic and, possibly, allergenic. Several strategies have been employed to
overcome these disadvantages (Fitchette et al., 2007; Liénard et al., 2007).
Homogenous human rMAb glycoforms have been produced in the plant Lemna
minor (duckweed) employing RNA inhibition (RNAi) of fucose and xylose transferases (Cox et al., 2006). Successful double “knockout” of the α(1,3) fucose and
β(1,2) xylose transferases has been reported, with the production of human vascular
endothelial growth factor, in Physcomitrella patens (moss) (Kaprivova et al., 2004)
and endogenous glycoproteins in Arabidopsis thaliana (Van Droogenbroeck et al.,
2007). Each of these systems may yield rMAb with enhanced ADCC due to the nonaddition of α(1,6) fucose residues.
INSECT CELLS

The utility of the Sf2 insect cell line has been extended with the generation of the
SfSWT-1 line that is transgenic for genes encoding five mammalian glycosyltransferases, including sialyl-transferases. In a further development a transgenic line was
generated that can also synthesise CMP sialic acid and hence sialylate glycoproteins
in the absence of an exogenous source, e.g. bovine serum (Hill et al., 2006).
YEAST

Yeasts synthesise glycoproteins bearing high mannose oligosaccharides, the number
of mannose residues varying between individual strains. Pichia pastoris has been
successfully engineered to produce selected homogeneous glycoforms of human
IgG-Fc (Potgieter et al., 2009).
PROKARYOTES

Small protein therapeutics may be economically produced in E. coli, e.g. insulin. The
production of full-length IgG antibodies has also been reported, however, they are
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not glycosylated and lack the potential to activate effector functions (Hamilton et al.,
2006). It has recently been reported that Campylobacter jejuni has the capacity to add
oligosaccharides to proteins and that this capacity can be transferred to E. coli (Georgiou and Segatori, 2005; Langdon et al., 2009. The resulting glycosylation patterns
are radically different to those of mammalian cells; however, it suggests that it may
be possible to engineer E. coli to express mammalian type oligosaccharides.

Concluding remarks
It is salutary to contemplate the influence that a conservative amino acid replacement
(glycine > alanine, 235) and/or the presence or absence of a fucose sugar residue can
have on the functional activity of the human IgG-Fc. It is also salutary to contemplate
the multiple ligands that IgG-Fc may engage and activate – to the benefit or determent of the individual. The search for an understanding of the interactions between
structure and function has called for innovative and original thinking. We now have
the tools to evaluate many activities in vitro but the challenge to establish models and/
or modalities for determining mechanisms activated in vivo remains. This chapter has
dealt in some detail on the impact of glycosylation on antibody function; however,
our understanding is far from complete. It is interesting to note that disparate ligands
may bind to the Fc through common amino acid residue contacts; within the hinge
proximal region for FcγR and C1q and the CH2/CH3 interface for FcRn, SpA, SpG,
RFs and FcγR encoded with the genomes of some viruses; the addition of sialic acid
might further influence Fc/ligand interactions at this interface. A rationalisation for
the topography of ligand binding sites may be the functional necessity for circulating
IgG to be monovalent for FcγRs and C1q, to prevent continuous cellular activation
whilst providing opportunity for divalency at the inter-CH2/CH3 region. Given the
influence of the oligosaccharide content on functional activity it may be exploited
as a “rheostat” with homogeneous glycoforms being selected for a predetermined
functional profile optimal for a given disease indication. These insights into IgG
therapeutic antibody interactions with IgG-Fc-ligands will allow for the development
of improved protocols for their in vivo applications.
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Abstract
Phytoremediation is the use of plants for the treatment of environmental pollution,
including chlorinated organics. Although conceptually very attractive, removal and
biodegradation of chlorinated pollutants by plants is a rather slow and inefficient
process resulting in incomplete treatment and potential release of toxic metabolites
into the environment. In order to overcome inherent limitations of plant metabolic
capabilities, plants have been genetically modified, following a strategy similar to the
development of transgenic crops: genes from bacteria, fungi, and mammals involved
in the metabolism of organic contaminants, such as cytochrome P-450 and glutathione
To whom correspondence may be addressed (bvanaken@temple.edu)
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S-transferase, have been introduced into higher plants, resulting in significant improvement of tolerance, removal, and degradation of pollutants. Recently, plant-associated
bacteria have been recognized playing a significant role in phytoremediation, leading
to the development of genetically modified rhizospheric and endophytic bacteria
with improved biodegradation capabilities. Transgenic plants and associated bacteria constitute a new generation of genetically modified organisms for efficient and
environmental-friendly treatment of polluted soil and water. This review focuses on
recent advances in the development of transgenic plants and bacteria for the treatment
of chlorinated pollutants, including chlorinated solvents, polychlorinated phenols,
and chlorinated herbicides.
Introduction
Phytoremediation is an emerging technology that uses plants and associated bacteria
for the treatment of soil and groundwater contaminated by toxic pollutants. Phytoremediation was first developed for the removal of toxic metals. Although metals are not
susceptible to biodegradation, they can be efficiently absorbed by the roots through
natural mineral uptake mechanisms (Salt et al., 1998). The concept of using plants
for remediation of organic pollutants emerged a few decades ago with the recognition
that plants were capable of metabolizing toxic pesticides (Cole, 1983). Since then,
phytoremediation has been shown to efficiently reduce chemical hazards associated
with various classes of organic pollutants, including chlorinated compounds, pesticides, explosives, and polycyclic aromatic hydrocarbons (Schnoor et al., 1995; Salt
et al., 1998; Macek et al., 2000; Meagher, 2000; Pilon-Smits, 2005).
Even though phytoremediation has today acquired the status of a proven technology
for the treatment of heavy metal and organic-contaminated soil, it also suffers serious limitations that impair further development of field applications (Schnoor et al.,
1995; Salt et al., 1998). As autotrophic organisms, plants usually lack the enzymatic
machinery necessary for efficient metabolism of organic compounds, often resulting
in slow removal and incomplete degradation of contaminants (Eapen et al., 2007).
Inherent plant limitations for the metabolism of xenobiotic compounds led to the idea
of modifying plants genetically by the introduction of bacterial or mammalian genes
involved in the degradation of toxic chemicals, following a strategy that has been
applied for decades with transgenic crops expressing resistance against insects or pesticides (Dietz and Schnoor, 2001). Even though transgenic plants have not been used
for field applications of phytoremediation, successful plant transformation protocols
and increasing need for affordable remediation strategies will likely help overcome
legal and technical barriers currently limiting the technology. Transgenic plants and
associated bacteria for phytoremediation constitute a new generation of genetically
modified organisms (GMO) for efficient and environmental friendly decontamination
of soil and water (Macek et al., 2008).
The use of transgenic plants for phytoremediation has been covered recently in
several reviews (Cherian and Oliveira, 2005; Pilon-Smits, 2005; Eapen et al., 2007;
Doty, 2008; Macek et al., 2008; James and Strand, 2009; Kawahigashi, 2009; Van
Aken, 2009). The present article summarizes new developments of plants engineered
for enhancing remediation of chlorinated compounds, which constitute a major class
of soil and groundwater contaminants in the U.S. (Ajo-Franklin et al., 2006; Cooper
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and Jones, 2008). As a new trend of phytoremediation, the use of transgenic bacteria
associated with plants will also be presented (Cherian and Oliveira, 2005; Eapen et
al., 2007; Doty, 2008; Weyens et al., 2009b).
Phytoremediation: cleaning up pollution with plants
Living organisms are commonly exposed to natural or xenobiotic toxic chemicals. As
a consequence, they have developed multiple detoxification mechanisms to prevent
harmful effects from exposure to these compounds. Bacteria, more than higher life
forms, are extremely versatile organisms, which allow them to constantly develop
new metabolic pathways for the degradation of a large range of xenobiotic pollutants
(Limbert and Betts, 1996). While provided with lower adaptation capabilities, higher
organisms, such as plants and mammals, also possess detoxification mechanisms to
counteract the harmful effects of toxic contaminants (Sandermann, 1994).
Bioremediation exploits the natural capability of living organisms to degrade
toxic chemicals. Traditional remediation technologies of polluted sites requires soil
excavation and transport, prior to treatment by incineration, landfilling or compositing, which is costly, damaging for the environment, and, in many cases, practically
infeasible due to the range of the contamination (Gerhardt et al., 2009). There is
therefore a considerable interest in developing cost-effective alternatives based on
microorganisms or plants. Because of its potential for the sustainable mitigation of
environmental pollution, bioremediation has been recently listed among the ‘top ten
technologies for improving human health’ (Daar et al., 2002).
Plant-mediated bioremediation of metal-contaminated soil was proposed first in the
1970s (Brooks et al., 1977). Because of their natural capability to absorb minerals,
plants efficiently remove heavy metals from polluted soils. However, unlike organic
pollutants, elemental metals cannot be ‘degraded’. They typically accumulate in plant
tissues, which have to be harvested and safely disposed, a process termed phytoextraction (Salt et al., 1998).
Although the metabolism of xenobiotics by plants has been known for a long time
(Castelfranco et al., 1961), the idea that plants can be used to detoxify organic compounds
emerged in the 1980s with the metabolism of 1,1,1-trichloro-2,2-bis-(4’-chlorophenyl)
ethane (DDT) and benzo(a)pyrene (Cole, 1983). Since then, phytoremediation acquired
the status of a proven technology for the remediation of soil and groundwater contaminated by a variety of organic compounds, including pesticides, chlorinated solvents,
polyaromatic hydrocarbons (PAHs), and explosives (Schnoor et al., 1995; Salt et al.,
1998). Phytoremediation has been extensively reviewed in the literature (Schnoor et al.,
1995; Salt et al., 1998; Macek et al., 2000; Meagher, 2000; Pilon-Smits, 2005).
Phytoremediation encompasses a range of processes beyond direct plant uptake and
metabolism, and it is best described as plant-mediated remediation (Schnoor et al.,
1995; Salt et al., 1998; Macek et al., 2000; McCutcheon and Schnoor, 2003). While
definitions and terminology vary, the different phytoremediation processes can be
summarized as in Figure 1: pollutants in soil and groundwater can be taken up inside
plant tissues (phytoextraction) or adsorbed to the roots (rhizofiltration); pollutants
inside plant tissues can be transformed by plant enzymes (phytotransformation) or
can volatilize into the atmosphere (phytovolatilization); pollutants in soil can be
degraded by microbes in the root zone (rhizosphere bioremediation) or incorporated
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to soil material (phytostabilization) (Salt et al., 1998; Dietz and Schnoor, 2001; McCutcheon and Schnoor, 2003; Pilon-Smits, 2005).
Phytovolatilization
Phytotransformation

Rhizosphere
Bioremediation

Rhizofiltration
(Adsorption)
Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

CO2
Cl-

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Phytoextraction
(Uptake)

Cl

Cl
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Phytostabilization

Figure 1. Phytoremediation involves several processes: Pollutants in soil and groundwater can be taken
up inside plant tissues (phytoextraction) or adsorbed to the roots (rhizofiltration); pollutants inside plant
tissues can be transformed by plant enzymes (phytotransformation) or can volatilize into the atmosphere
(phytovolatilization); pollutants in soil can be degraded by microbes in the root zone (rhizosphere bioremediation) or incorporated to soil material (phytostabilization) (Salt et al., 1998; Dietz and Schnoor, 2001;
Pilon-Smits, 2005). Source: Van Aken (2008).

Being exposed to a variety of natural allelochemicals and xenobiotics, plants have
developed diverse detoxification mechanisms of organic compounds (Singer, 2006).
Based on the observation that plants can metabolize pesticides, Sandermann (1994)
introduced the green liver concept suggesting a detoxification sequence similar to
what occurs in the mammalian liver (Figure 2): Initial activation of the toxic chemical by oxidation, reduction or hydrolysis (Phase I), transferase-catalyzed conjugation
of the activated compound with a molecule of plant origin forming an adduct less
toxic and more soluble than the parent chemical (Phase II), and sequestration of the
conjugate in the vacuole or incorporation into the cell wall (Phase III) (Cole, 1983;
Sandermann, 1994; Coleman et al., 1997).
Phytoremediation offers several advantages over other remediation strategies: low
cost because of the absence of energy-consuming equipment and limited maintenance,
no damaging impact on the environment because of the in situ nature of the process,
and large public acceptance as an attractive green technology (Gerhardt et al., 2009).
In addition, phytoremediation offers potential beneficial side-effects, such as erosion
control, site restoration, carbon sequestration, and feedstock for biofuel production
(Dietz and Schnoor, 2001; Doty et al., 2007). As autotrophic organisms, plants use
sunlight and carbon dioxide as energy and carbon sources. From an environmental
standpoint, plants can be seen as ‘natural, solar-powered, pump-and-treat systems’
for cleaning up contaminated soils (Eapen et al., 2007).
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Xenobiotic Pollutant
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Figure 2. The three phases of the green liver model. Hypothetical pathway representing the metabolism
of trichoroethylene (TCE) in plant tissues: Phase I: Activation of TCE by oxidation to trichloroethanol;
Phase II: Conjugation with a plant molecule (sugar); Phase III: Sequestration of the conjugate into the cell
wall or the vacuole. Source: Van Aken (2008).

However, the technology also suffers drawbacks: phytoremediation is limited to shallow
contamination and ‘moderately hydrophobic’ compounds susceptible to be absorpted
by the roots (Schnoor et al., 1995; Burken and Schnoor, 1998b). More importantly,
remediation by plants is often slow and incomplete: as a corollary to their autotrophic
metabolism, plants usually lack the biochemical machinery to achieve full mineralization of most organic pollutants, especially the most recalcitrant, such as polychlorinated
biphenyls (PCBs) and PAHs (Schnoor et al., 1995). Phytoremediation can therefore lead
to non desirable effects, such as the accumulation of toxic pollutants and metabolites
that may be released to the soil, enter the food chain, or volatilize into in the atmosphere (Newman et al., 1997; Pilon-Smits, 2005; Yoon et al., 2006; Eapen et al., 2007).
Engineering plants expressing microbial or mammalian genes involved in xenobiotic
metabolism would therefore improve the efficiency and environmental safety of phytoremediation, potentially leading to wider application in the field (Dietz and Schnoor,
2001). Finally, additional constraints to phytoremediation are not of technical order,
but are the current regulations, competition with other methods, and proprietary rights
(Marmiroli and McCutcheon, 2003).
Chlorinated compounds: sources, toxicity, biodegradation
Chlorinated solvents

Chlorinated solvents are the most common contaminants at U.S. hazardous sites
(Ajo-Franklin et al., 2006). Their water solubility, although low, is 4 - 5 orders of

48

B. van Aken and S.L. Doty

magnitude greater than the U.S. Environmental Protection Agency's (EPA) maximum
allowable contamination levels. As a consequence, chlorinated solvents constitute a
serious threat to human health and the environment (Ajo-Franklin et al., 2006). While
chlorinated solvents are theoretically susceptible to biodegradation, they can persist in the
environment for decades. Most chlorinated solvent contaminations occur in the form of
dense non-aqueous phase liquid (DNAPL) (Ajo-Franklin et al., 2006). DNAPLs contain
many different compounds, of which the most important ones are trichloroethene (TCE),
tetrachloroethene (PCE), and carbon tetrachloride (CT) (Figure 3). TCE - the most
common groundwater contaminants in the U.S. - is toxic to mammals (hepatotoxicity)
and it is suspected to be carcinogenic. The EPA has established a 5 ppb limit for TCE
in drinking water. Degradation products of chlorinated solvents are sometimes more
toxic than the parent compound, as it is the case for vinyl chloride (VC) produced by
dechlorination of TCE. Another important chlorinated compound is chloroform, a toxic
by-product formed during water chlorination. Most chlorinated solvents are listed as
EPA Priority Pollutants (http://oaspub.epa.gov/) and/or figure in the top-50 of the 2005
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)
Priority List of Hazardous Substances (http://www.atsdr.cdc.gov/).
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Figure 3. Chemical formula of selected chlorinated compounds.
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Polychlorinated phenols

Polychlorophenols have been used largely as bactericides, algicides, molluscides,
fungicides, and disinfectants. As a consequence of their broad outside application,
they are widespread pollutants of soil and groundwater (Cooper and Jones, 2008;
Rubilar et al., 2008). Another major source of chlorinated phenols is the bleaching
of pulp in paper mills. As highly toxic compounds, they have potential adverse effects on human and environmental health: embryo-larvae lethal doses determined for
chlorinated phenols range from 17 μg L-1 for pentachlorophenol (PCP) to 800 μg L-1
for less toxic congeners (Cooper and Jones, 2008). PCP has been used extensively as
a fungicide. PCP was first registered in the U.S. as a wood preservative in 1936 and,
since then, it has been used in the manufacture of ropes, paints, insulation materials,
and brick walls. PCP is classified by the EPA as a ‘possible human carcinogen’. In
addition, technical grade PCP typically contains about 10% impurities consisting of
other chlorophenol congeners, as well as highly toxic dibenzo-p-dioxins and dibenzofurans (Cooper and Jones, 2008).
Chlorinated pesticides

Pesticides, including herbicides, insecticides, and fungicides, are an integral part of
modern agriculture as they are labor-saving and increase the yield and quality of crops
(Kawahigashi et al., 2007). However, chlorinated pesticides are notoriously toxic for
higher life forms and persistent in the environment. Agricultural use of herbicides affects large areas resulting in non-point source pollution. It is estimated that between 1
and 5% of field-applied herbicides escape the site of application by runoff, potentially
contaminating ground and surface water. Long-term exposure to low levels of herbicide
has unknown effects, but is suspected to negatively impact phytoplankton and disturb
the composition of aquatic and terrestrial ecosystems (Kawahigashi, 2009). The most
notable chlorinated pesticide is the insecticide DDT that was used in massive quantities
after World War II. Because of its toxicity and persistence in the environment, DDT
was banned in the U.S. since 1972. Beside DDT, many classes of pesticides have been
manufactured: Triazine herbicides, such as atrazine and simazine, act on plants by inhibiting photosynthesis. Chloroacetanilide herbicides, such as alachlor and metolachlor,
block the synthesis of chain fatty acids. Another class of chlorinated herbicides consists
of chlorophenoxy compounds, such as 2,4-dichlorophenoxy acetic acid (2,4-D), that
were used as military defoliants (Relyea, 2005).
Phytoremediation of chlorinated compounds
Phytoremediation is particularly well adapted for the treatment of most chlorinated
compounds. Contamination plumes of chlorinated solvents (DNAPLs) are typically
shallow, moving slowly, and at dose that does not generally induce phytotoxicity
(Ajo-Franklin et al., 2006). Briggs et al. (1982) and Burken and Schnoor (1998a)
developed experimental relationships based on the octanol-water partition coefficient
(log Kow) to predict the uptake and translocation of organic chemicals by plants. Based
on their relationships, ‘moderately hydrophobic’ compounds (0.5 < log Kow < 3), which
include most chlorinated compounds, are efficiently taken up and translocated into
plant tissues (Ajo-Franklin et al., 2006; Kawahigashi, 2009).
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Phytoremediation of chlorinated solvents

Many reports have shown the capability of plants to metabolize chlorinated solvents. Using
hybrid poplar plants and root cell cultures, Newman et al. (1997) first demonstrated the
oxidative metabolism of TCE, similar to what is observed in the mammalian liver. TCE
oxidation products were detected, including trichloroethanol (TCEOH) and trichloroacetic
acid (TCAA). Similar metabolites were found in subsequent experiments using a variety of
plant organisms and cell cultures (Nzengung and Jeffries, 2001; Shang et al., 2001; Doty
et al., 2003). The detection of oxidized metabolites resulting from the addition of hydroxyl
(-OH) groups suggests the intervention of cytochrome P-450 monooxygenases (Phase I of
the green liver model) (Newman et al., 1997; Nzengung and Jeffries, 2001; Shang et al.,
2001; Doty et al., 2003). Besides oxidative metabolism, plant reductive dehalogenation
of chlorinated solvents has been reported, following a mechanism similar to microbial
anaerobic respiration (Nzengung and Jeffries, 2001; Wolfe and Hoehamer, 2003). While
the active enzyme has not been identified, the authors suggested the intervention of a plant
dehalogenase. Shang et al. (2001) reported glycosylation of TCEOH (generated from TCE
oxidation) in both TCE-exposed tobacco and poplar tissues. Glycosyltransferase and glutathione S-transferase can potentially catalyze the conjugation of activated (hydroxylated)
chlorinated solvents with sugar molecules or reduced glutathione (Phase II of the green
liver model) (Sandermann, 1994). Plant glycosyltransferase-mediated conjugations have
also been reported in the detoxification of chlorophenols and DDT metabolites. Sequestration of chlorinated compounds and their metabolites (Phase III of the green liver model)
was suggested based on the observation that a fraction of [14C]-TCE was incorporated into
the cell wall and large biomolecules (Newman et al., 1997; Nzengung and Jeffries, 2001).
Recently, James et al. (2009) reported dehalogenation of tetrachloroethylene (PCE) by
hybrid poplar trees under controlled field conditions. The authors observed a 99% reduction of chlorinated ethenes and detected trichloroethene (TCE) and cis-dichloroethylene
(cDCE) in the treated effluent. Based on the recovery of free chloride, they concluded to
an almost complete dehalogenation of initial PCE, whereas 98% of PCE applied to a lab
control chamber of unplanted soil was recovered in the effluent water or volatilized into
the atmosphere.
Although limited information is currently available regarding the enzymes involved in
the metabolism of chlorinated solvents in plants, preliminary microarray results indicate
that exposure of poplar trees to TCE induces genes encoding enzymes potentially involved
in the three phases of the green liver model (Kang et al., 2009).
Several publications have described higher degradation of chlorinated solvents in vegetated soil (rhizosphere) as compared with non-vegetated soils (Anderson and Walton,
1995; Godsy et al., 2003). For instance, Godzy et al. (2003) analyzed TCE degradation
by microbes from the rhizosphere of cottonwood trees located at a chlorinated ethenecontaminated site. The results showed that only microbes from the rhizosphere of mature
trees (~22-years old) were capable of dechlorinating TCE to cDCE and vinyl chloride
(VC), whereas microbes associated with newly planted trees were not. In another study,
soil of unplanted transects through a TCE-contaminated site revealed much higher levels
of remaining TCE compared to soil of transects planted with native English Oak and Common Ash trees (Weyens et al., 2009a).
Although a major critique about phytoremediation is its low efficiency, there have been
several promising field trials for the treatment of chlorinated solvent-contaminated sites.
For instance, in a five-year study, Eastern cottonwood trees were used for the treatment
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of low-level TCE-contamination in groundwater at the Naval Air Station Joint Reserve
Base (Fort Worth, TX). The study concluded that the primary process responsible for TCE
mitigation was in situ hydrological control of the contaminant plume, although reductive
dechlorination in the root zone and enzymatic transformation within leaf tissue were also
reported (Eberts et al., 2003; Eberts et al., 2005). Another field experiment was conducted
using hybrid poplar trees for the treatment of groundwater contaminated with a mixture
of halogenated volatile compounds, including TCE, cDCE, and 1,1,2,2-tetrachloroethane
(TeCA), at the J-Field Superfund site, Aberdeen Proving Ground (Edgewood, MD). This
five-year study showed that vegetation was able to control plume migration, mainly through
the transpiration of groundwater. In addition, contaminants were significantly degraded in
the rhizosphere and inside plant tissues, while detectable concentrations of volatile halogenated compounds were transpired into the atmosphere (Hirsh et al., 2003).
Phytoremediation of Polychlorinated phenols

Several publications have reported the potential of phytoremediation for the treatment of
soil and water contaminated by polychlorophenols (Newman and Reynolds, 2004). Different plant-mediated remediation mechanisms have been described, including rhizosphere
biodegradation, uptake, and metabolism of chlorophenols inside plant tissues. Miller et
al. (2002) compared the PCP toxicity and rates of mineralization in crested wheatgrass
(Agropyron cristatum × desertorum) grown in sterile soil and soil inoculated with bacteria
from a PCP-contaminated soil. Inoculated seedlings exhibited a higher tolerance to PCP and
mineralized three-fold more [14C]-PCP than sterile seedlings. On the other hand, only 10% of
[14C]-PCP were mineralized by sterile seedlings, suggesting that rhizosphere biodegradation
was the main mechanism of PCP metabolism. Jansen et al. (2004) showed that exposure of
duckweed (Spirodela punctata) to 2,4,6-trichlorophenol (2,4,6-TCP) induced the secretion
of extracellular peroxidases, resulting in a higher dechlorination rate. The authors concluded
that the ability of S. punctata to respond to toxic chemicals by secretion of extracellular
peroxidase may constitute a protection strategy against xenobiotic stress.
Also, different studies have demonstrated that plants can metabolize chlorophenols. Ucisik
and Trapp (2008) exposed willow trees (Salix viminalis) to increasing concentrations of
4-chlorophenol (4-CP) - a precursor of the synthesis of the herbicide, 2,4-D, resulting in
an almost complete disappearance of the chemical, whereas treeless experiments resulted
in only 6 to 10% reduction. In other experiments, different chlorophenyl glycosides were
extracted from tissues of common duckweed (Lemna minor) exposed to 2,4-dichlorophenol (2,4-DCP) and 2,4,5-trichlorophenol (2,4,5-TCP), showing that plants were capable
of uptake and glycosyltransferase-mediated transformation of chlorophenols. Identification of these products suggests that chlorophenols were further sequestrated into vacuoles
or cell wall (Day and Saunders, 2004). Using hairy root cultures of wild carrot (Daucus
carota), de Araujo et al. (2002) showed that Agrobacterium rhizogenes-transformed roots
were able to remove more than 90% of exogenous phenolic compounds, including phenol,
2-chlorophenol (2-CP), 2,6-dichlorophenol (2,6-DCP), and 2,4,6-TCP, from the culture
medium within 120 h after treatment. The authors also observed that the metabolism of
these compounds was accompanied by an increase in peroxidase activity.
Phytoremediation of chlorinated pesticides

Pesticides are removed from the environment by degradation by bacteria and plants. Phytore-
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mediation of pesticides has been extensively studied and reviewed in the literature (Cole,
1983; Sandermann, 1994; Coleman et al., 1997; Schroder et al., 2001; Karthikeyan et al.,
2004). Chlorinated pesticides can be degraded by a variety of plants, including trees, aquatic
plants, and crops/grasses. Mechanisms of removal involve mainly rhizosphere degradation,
uptake and translocation, and sequestration or metabolism inside plant tissues (Salt et al.,
1998; Macek et al., 2000; Karthikeyan et al., 2004; Pilon-Smits, 2005).
The metabolism of pesticides in higher plants is known for decades and typically follows the three phases of the green liver model (Sandermann, 1994; Coleman et al., 1997;
Schroder et al., 2001; Kawahigashi et al., 2007). Sandermann et al. (1994) reported the plant
metabolism of the herbicide, 2,4-D, including hydroxylation of the aromatic ring (Phase I),
conjugation with O-manolyl-glucoside (Phase II), and deposition into the vacuole (Phase
III). Burken and Schnoor (1998b) showed that [14C]-atrazine was taken up, hydrolyzed, and
dealkylated into less toxic metabolites inside hybrid poplar trees: only 21 and 10% of the
parent atrazine was found in leaves after 50 and 80 days of exposure, respectively, which
provides evidence of the metabolism of atrazine in poplar tissues.
The major enzymes involved in the degradation of chlorinated pesticides are cytochrome
P-450 monooxygenases and glutathione S-transferases involved in Phases I and II of the
green liver model, respectively. Cytochrome P-450 is one the largest families of plant enzymes that, among other functions, catalyzes the detoxification of a variety of xenobiotic
compounds through hydroxylation and oxidative dealkylation (Sandermann, 1994; Coleman
et al., 1997; Schroder et al., 2001; Kawahigashi et al., 2007). Cytochrome P-450s have
been reported to oxidize many chlorinated pesticides, including chlorotoluron, linuron,
atrazine, and isoproturon (Kawahigashi et al., 2007).
Transgenic plants for phytoremediation of chlorinated compounds
Although chlorinated solvents and herbicides, such as atrazine and metolachlor, have been
shown to be removed by plants, only rather slow biodegradation rates have been achieved
in field trials, potentially leading to accumulation and volatilization of toxic compounds
(Doty et al., 2007; Kawahigashi, 2009). Genetic transformation of plants for enhanced
phytoremediation capabilities is typically achieved by the introduction of new external genes
whose products are involved in various detoxification processes (Cherian and Oliveira,
2005; Eapen and D’Souza, 2005). Microbes and mammals are heterotrophic organisms
that possess the enzymatic machinery necessary to achieve a near-complete mineralization
of organic molecules. Microbial and mammalian catabolic genes can be used to complement the metabolic capabilities of plants (Eapen et al., 2007). Transgenic plants have
been engineered for phytoremediation of heavy metals and organic pollutants (Eapen and
D’Souza, 2005; Eapen et al., 2007). Early examples include tobacco plants expressing a
yeast metallothionein gene and showing a higher tolerance to cadmium (Misra and Gedamu,
1989), Arabidopsis thaliana overexpressing a zinc transporter protein and showing a twofold higher accumulation of zinc in roots (van der Zaal et al., 1999), and tobacco plants
expressing bacterial reductases (PETN reductase and nitroreductase) and showing a higher
tolerance to the explosive TNT (Hannink et al., 2001). The use of transgenic plants for
phytoremediation applications has been reviewed recently in several articles (Cherian and
Oliveira, 2005; Eapen et al., 2007; Doty, 2008; Macek et al., 2008; James and Strand, 2009;
Kawahigashi, 2009; Van Aken, 2009). Table 1 presents a non-exhaustive list of transgenic
plants and bacteria used for phytoremediation of chlorinated compounds.

Alachlor

Trichlorophenol (TCP) &
other phenolic chemicals
Acetochlor & Metolachlor

Various herbicides:
• Atrazine
• Metolachlor
• 1-Chloro-2,4dinitrobenzene (CDNB)
Pentachlorophenol (PCP)

Toluene

Trichloroethene (TCE)
Pentachlorophenol (PCP)

Cytochrome P-450 2E1

Trichloroethene (TCE) &
ethylene dibromide (EDB)
Trichloroethene (TCE)

Human

Source
Mammal

γ-Glutamylcysteine
synthetase (ECS)
Glutathione S-transferase
(GST I)

Laccase

Pentachlorophenol
monooxygenases

Cytochrome P-450 2E1
Manganese-peroxidase
(MnP)
Toluene-degradation
plasmid (pTOM)
γ-Glutamylcysteine
synthetase (ECS)
Glutathione synthetase
(GS)

Maize (Zea mays)

Roots of cotton
(Gossypium arboreum)
Bacteria

Sphingobium
chlorophenolicum

Rabbit
wood-decaying fungus,
Coriolus versicolor
Burkholderia cepacia

Toluene o-monooxygenase Burkholderia cepacia
(TOM)

Gene
Cytochrome P-450 (CYP)

Compound
Various herbicides

Hybrid poplar (Populus tremula ×
Populus alba)
Tobacco (Nicotiana tabacum)

Nakamura et al. (2004)

Pseudomonas gladioli colonizing
rhizosphere of Chinese chive (Allium
tuberosum)
Arabidopsis thaliana

Karavangeli et al. (2005)

Gullner et al. (2005)

Wang et al. (2004)

Flocco et al. (2004)

Barac et al. (2004)

Banerjee et al. (2002)
Iimura et al. (2002)

Shim et al. (2000)

Doty et al. (2000)

Reference
Ohkawa et al., (1999)

Indian mustard (Brassica juncea)

Natural endophyte of yellow lupine

Bacteria from the rhizosphere of
poplar trees (Populus Canadensis) and
Southern California shrub
Rhizobium sp.
Atropa belladonna
Tobacco (Nicotiana tobacco)

Host Organism
Rice (Oryza sativa)
Potato (Solanum tuberosum)
Tobacco (Nicotiana tobacco)

Table 1. Summary of the publications on transgenic plants and bacteria for the phytoremediation of chlorinated compounds
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Compound
Various herbicides:
• Atrazine
• Metalochlor
• Norflurazon
Pentachlorophenol (PCP) &
bisphenol A (BPA)
Various herbicides:
• Atrazine
• Metalochlor
Various halogenated
compounds:
• Trichloroethene (TCE)
• Vinyl chloride (VC)
• Carbon tetrachloride (CT)
• Chlorofrom
• Benzene
Various herbicides:
• Atrazine
• Chlorotoluron
• Norflurazon

Table 1. Contd.

Human

Cytochrome P-450
(CYP1A1)

Cytochrome P-450
(CYP1A1)

Human

Rabbit

Coriolus versicolor

Laccase

Cytochrome P-450 2E1

Source
Human

Gene
Cytochrome P-450
(CYP1A1)

Rice (Oryza sativa)

Hybrid poplar (Populus deltoides ×
Populus alba)

Kawahigashi et al. (2007)

Doty et al. (2007)

Kawahigashi et al. (2006)

Sonoki et al. (2005)

Tobacco (Nicotiana tobacco)
Rice (Oryza sativa)

Reference
Kawahigashi et al. (2005)

Host Organism
Rice (Oryza sativa)
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Transgenic plants expressing Phase I enzymes of the green liver model

Doty et al. (2000) first developed tobacco plants (Nicotiana tabacum) expressing a
human cytochrome P-450 2E1. Mammalian cytochromes P-450 2E1 are known to be
involved in the oxidation of a wide range of toxic halogenated compounds, including
TCE, CT, and chloroform. Tobacco leaf tissues were transformed with a nopalinetype Agrobacterium tumefaciens strain containing a binary vector with a P-450 2E1
cDNA. Whole transgenic plants regenerated from transformed tissues were shown to
metabolize TCE 640-fold faster than wild-type plants. Transgenic plants also exhibited an increased uptake and debromination of ethylene dibromide (EDB). Banerjee
et al. (2002) developed transgenic hairy root cultures of Atropa belladonna by the
introduction of a rabbit cytochrome P-450 2E1. As measured by the production of
the metabolites, chloral and TCEOH, transgenic cultures were shown to metabolize
TCE more rapidly than wild-type plants.
However, although A. thaliana and tobacco are well characterized, laboratory
model plants, they are not well adapted for phytoremediation applications, given
their small proportions and shallow root system. Poplar and aspen (Populus sp.), on
the contrary, are widely distributed, fast-growing, and high biomass plants ideal for
phytoremediation applications (Schnoor, 2000). To overcome the limitation inherent to
low biomass plants, Doty et al. (2007) successfully performed the genetic transformation of poplar plants (Populus deltoides × Populus alba) overexpressing mammalian
cytochrome P450 2E1 (CYP2E1) for the enhanced metabolism of different volatile
toxic compounds, including TCE, VC, carbon tetrachloride (CT), chloroform, and
benzene. Among the different clones tested, a transgenic line expressed CYP2E1 at
a 3.7 to 4.6-fold higher level and exhibited the highest level of TCE metabolism (>
100 higher than non-transgenic controls). When cultivated in hydroponic solution
spiked with toxic compounds, this line was capable of extracting about 90% of TCE
(as compared to < 3% by non-transgenic controls), 99% of chloroform (as compared
to 20% by controls), and 92 to 94% of carbon tetrachloride (as compared to 20% by
controls). Transgenic plants were also shown to remove volatile compounds from
contaminated air at a higher rate than non-transgenic controls (Doty et al., 2007).
Transgenic crop plants have been developed both for enhanced cross-resistance
to pesticides and removal of residual toxic agrochemicals (i.e., phytoremediation)
(Kawahigashi et al., 2007). Mechanisms of herbicide resistance in plants include
primarily modification of the target site and enhanced detoxification (Ohkawa et al.,
1999). Although resistance in weed is based mainly on target modification, resistance in crops is based on detoxification involving cytochrome P-450 or glutathione
S-transferase. For instance, weed resistance to atrazine is associated to a point mutation
of the chloroplastic psbA gene encoding part of the photosystem II, therefore reducing its affinity for atrazine. Unfortunately, an attempt to transform canola (Brassica
napus) by the insertion of atrazine-resistant psbA resulted in a significant drop in
yield (Ohkawa et al., 1999). On the other hand, crop tolerance is often related to the
capability of detoxifying pesticides, such as cytochrome P-450-mediated hydroxylation of chlorotoluron (Phase I) and glutathione S-transferase-mediated conjugation
of atrazine (Phase II) (Ohkawa et al., 1999).
Kawahigashi et al. (2007) introduced a human cytochrome P-450 (CYP1A1)
involved in the detoxification of various xenobiotic compounds into rice plants
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(Oryza sativa), resulting in cross-resistance towards different classes of chlorinated herbicides, including atrazine and chlorotoluron. Transgenic plants exhibited
enhanced metabolism of the herbicides, chlorotoluron and norflurazon, as compared
with wild-type plants. The same group showed that the simultaneous introduction of
three human cytochromes P-450s with overlapping substrate specificity resulted in
cross-tolerance of transgenic rice against 12 herbicides with different mechanisms of
action and structures, including atrazine, metolachlor, and norflurazon (Kawahigashi
et al., 2005). Transgenic plants were also capable of germination in medium containing chloroacetanilide herbicides, whereas non-transgenic rice did not grow (Kawahigashi et al., 2005). Beside higher tolerance, transgenic rice also showed enhanced
metabolism and higher removal rate of herbicides in hydroponic and greenhouse
experiments. Transgenic rice expressing mammalian cytochrome P-450s (pIKBACH)
has been used in large-scale phytoremediation trials, showing a significant reduction
of atrazine and metolachlor in contaminated soil as compared with wild-type planted
soil or non-planted soil (Kawahigashi et al., 2006).
Transgenic plants expressing Phase II enzymes of the green liver model

As an illustration of transgenic plants expressing enzymes involved in Phase II of the
green liver model, γ-glutamylcysteine synthetase (ECS) and glutathione synthetase
(GS) were overexpressed in Indian mustard (Brassica juncea), showing higher
levels of glutathione and total nonprotein thiols (Flocco et al., 2004). ECS and GS
are involved in the synthesis of the tripeptide glutathione, known to play a key role
in detoxification of various toxic organic compounds. Both ECS and GS transgenic
plants showed enhanced tolerance to chlorinated herbicides, including atrazine, metolachlor, and 1-chloro-2,4-dinitrobenzene (CDNB). Introduction of a bacterial ECS
into hybrid poplar (P. tremula × P. alba) also resulted in higher tolerance when growing on acetochlor and metolachlor-contaminated soil. Transgenic poplars contained
higher γ-glutamylcysteine and glutathione levels than wild-type plants (Gullner et al.,
2005). Using a similar approach, a maize (Zea mays) glutathione S-transferase (GST
I) subunit was expressed in transgenic tobacco plants, resulting in the expression of
the active enzyme capable of catalyzing glutathione conjugation with the herbicide
alachlor. Transgenic tobacco also showed an increased tolerance to alachlor (Karavangeli et al., 2005).
Transgenic plants expressing secretory enzymes

Plant roots naturally release a range of enzymes capable of degrading chemicals
in the rhizosphere (Schnoor, 1997; Gianfreda and Rao, 2004; Wang et al., 2004).
An alternative approach for improving phytoremediation performances consists of
engineering plants to express and secrete microbial enzymes that will be released
into the environment to achieve ex-planta bioremediation. Fungi naturally perform
extracellular digestion of macromolecules by releasing catabolic enzymes, such as
peroxidases, laccases, and cellulases, that remain active outside living cells. Based
on this observation, Iimura et al. (2002) transferred a manganese-peroxidase gene
(MnP) from the wood-decaying fungus, Coriolus versicolor, into tobacco plants, resulting in the successful expression of the MnP transgene. The authors reported that
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a transgenic line was expressing MnP activity at a level 54-fold higher than control
lines. Transgenic lines were capable of removing pentachlorophenol (PCP) (250
μM) from the hydroponic solution (86% reduction) at rates about 2-fold higher than
control lines (38% reduction). Similarly, a secretory laccase isolated from the roots
of cotton plants (Gossypium arboreum) was overexpressed in transgenic A. thaliana
plants that showed enhanced tolerance and biodegradation of trichlorophenol (TCP)
(Wang et al., 2004). Transgenic lines exhibited higher laccase activity as determined
by the oxidation of 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS).
Additionally, secretory laccase activity in transgenic plants was responsible for enhanced resistance and biotransformation of TCP, along with other phenolic chemicals.
Following a similar approach, Sonoki et al. (2005) expressed an extracellular laccase
of Coriolus versicolor into tobacco plants, resulting in the expression and secretion
of the active enzyme into hydroponic medium. HPLC analyses showed that the
transgenic lines were capable of enhanced removal of PCP and bisphenol A (BPA)
(20 µmol g-1 plant dry weight).
Transgenic plant-associated bacteria for phytoremediation
Transgenic rhizosphere bacteria

Plants are known to increase both microbial numbers and activity in soil, which can
result in an increase of biodegradation activity (Anderson et al., 1993; Limbert and
Betts, 1996). Root exudates and root turnover increase soil organic carbon, which is
beneficial both for microbial growth and co-metabolic biodegradation. Root exudates
also contain organic acids, alcohols, and phenolic compounds that increase bioavailability and biodegradation, by solubilization of hydrophobic pollutants (Chaudhry et
al., 2005). Specific compounds in root exudates have also been suggested to induce
microbial enzymes and stimulate biodegradation capabilities (Fletcher and Hedge,
1995). Finally, roots introduce oxygen in the rhizosphere, which is necessary for
oxidative biodegradation by oxygenases and laccases (Anderson et al., 1993; Shimp
et al., 1993; Chaudhry et al., 2005).
Shim et al. (2000) modified different Rhizobium strains and plant-associated bacteria
from the rhizosphere of poplar trees (P. canadensis) and Southern California shrub
by the introduction of a toluene o-monooxygenase gene (TOM) from Burkholderia
cepacia. All modified bacteria exhibited the capability to degrade TCE and were able
to colonize and compete with poplar, wheat, and barley rhizophere bacteria. In addition, Pseudomonas recombinant bacteria isolated from the poplar rhizophere stably
expressed TOM after 29 days.
Following a similar approach, Nakamura et al. (2004) introduced pcp genes encoding pentachlorophenol monooxygenases from a known PCP degrader, Sphingobium
chlorophenolicum, into Pseudomonas gladioli, a bacterium naturally colonizing the
rhizosphere of Chinese chive (Allium tuberosum). The transformant bacterium was
able to colonize Chinese chive and extensively degrade PCP in the liquid medium.
Degradation experiments showed that PCP in soil planted with Chinese chive colonized
by P. gladioli transformants was removed to a larger extent, as compared with soil
planted with Chinese chive only. Tetrachlorocatechol (TCC) was detected in plant
tissues, suggesting active metabolism of PCP.
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Endophytic bacteria

Unlike rhizopheric (i.e., associated with the rhizosphere) and phyllophilic (i.e., living
on the surface of the leafs) bacteria, endophytic bacteria or endophytes colonize the
internal tissues of plants, but showing no sign of infection or negative effect (Ryan et
al., 2008). Nearly all plant species have been shown to harbor endophytic bacteria in
their internal tissues establishing symbiotic or commensal relationships: endophytes
provide plants with growth-promoting compounds, including phosphates, plant
hormones, and siderophores; diazotrophic endophytes fix atmospheric nitrogen; and
endophytes prevent or mitigate the effect of plant pathogens, possibly by the activation of plant induced systemic resistance (ISR) (Van Aken et al., 2004; Doty et al.,
2007; Ryan et al., 2008). In addition, many endophytes have been shown to play a
role in the metabolism of toxic xenobiotic pollutants, therefore potentially enhancing
phytoremediation. For instance, an endophytic Methylobacterium isolated from poplar
trees was shown to actively metabolize nitrosubstituted explosives, raising the question
of the role of bacteria in plant biodegradation capabilities (Van Aken et al., 2004).
A study by Moore et al. (2006) describes numerous hybrid cottonwood endophytes
isolated from a BTEX-contaminated site, some of them exhibiting tolerance to BTEX
and TCE. Recently, Weyens et al. (2009a) reported a higher reduction of TCE in a
groundwater plume across areas vegetated with English Oak (Quercus robur) and
Common Ash (Fraxinus excelsior) as compared with non-vegetated soil. Analysis
of bacteria isolated from the rhizosphere and plant tissues showed an enrichment of
TCE-degraders, suggesting their implication in TCE reduction in vegetated soil.
While no report has been published to date on the transformation of plant endophytes
for phytoremediation of chlorinated compounds, Barac et al. (2004) described the
conjugative transformation of natural endophytes for improved in planta degradation of
toluene, which could potentially be useful for the remediation of chlorinated solvents.
A toluene-degradation plasmid (pTOM) of Burkholderia cepacia was transferred by
conjugation into a natural endophyte of yellow lupine. Results showed that engineered
endophytic bacteria strongly degraded toluene, which was associated with a significant
decrease of toluene phytotoxicity for the host plant. In addition, the authors reported
a 50 to 70% reduction of toluene transpiration, suggesting higher metabolism inside
plant tissues and potentially resulting in mitigation of environmental risks.
Conclusions
With an ever growing world population, human needs have required enhanced performances of plants and microbes using the resources of genetic engineering. Transgenic
bacteria have been used for the industrial production of pharmaceutical molecules and
human proteins, and transgenic plants have been used for the expression of beneficial
traits, such as Bt-maize expressing a toxin-producing gene from Bacillus thuringiensis
and conferring resistance to insects. From an environmental standpoint, agricultural
plants expressing genes involved in the biodegradation of pesticides are the first
transgenic organisms that have been used for phytoremediation applications. Recently,
non-agricultural plants have been developed to mitigate pollution of soil and groundwater by toxic agrochemicals and other xenobiotic pollutants. Further developments
of transgenic organisms for phytoremediation may involve the introduction of broad-
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substrate catabolic genes, natural or engineered, for the simultaneous remediation of
a range of pollutants, such as usually found in contaminated sites, e.g., chlorinated
solvent, metals, and nitroaromatics. In addition, biodegradation of many xenobiotics
are catalyzed by similar, broad-substrate enzymes, such as cytochrome P-450 monoxygenases, glutathione S-transferases, and fungal peroxidases, that can potentially be
used for the treatment of multiple pollutants. Moreover, the introduction of multiple
transgenes involved in different phases of the metabolism of xenobiotics in plants,
i.e., uptake by roots and the different phases of the green liver model, would allow
enhancing both the removal and metabolism of several toxic compounds and could
therefore help overcome a major limitation inherent to phytoremediation, i.e., the threat
that accumulated toxic compounds would volatilize or otherwise contaminate the food
chain. An important barrier to the application of transgenic plants for bioremediation
in the field is associated with the true or perceived risk of horizontal gene transfer
to related wild or cultivated plants. Therefore, it is likely that the next generation of
transgenic plants will involve systems preventing such a transfer, for instance by the
introduction of transgenes into chloroplastic DNA or the use of conditional lethality
genes (Davison, 2005). Since bacteria naturally exchange plasmids via conjugation,
endophytes that gain genes involved in pollutant degradation might not be considered
‘genetically modified’ and may be subject to fewer restrictions in usage.
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Abstract
Pore forming toxins (PFT) are important virulence factors produced by bacteria to kill
eukaryotic cells by forming holes in the cellular membrane. They represent a diverse
group of proteins with a wide range of target cells. Although the amino acid sequence
is not conserved among the different PFT, many of them share some aspects of their
mechanism of action. In general, the mode of action of PFT involves receptor recognition, activation by proteases, and aggregation into oligomeric-structures that insert
into the membrane to form ionic pores. Beside the pore formation activity, PFT may
have other effects during its interaction with their target cells such as intra-cellular
signaling or transport of other enzymatic components, as in the case of anthrax or
diphtheria toxins produced by Bacillus anthracis and Corynebacterium diphtheria,
respectively (Parker and Feil, 2005).
Although PFT have evolved as a pathogenic mechanism, some of them have great
impact in society since they have different applications in biotechnology or are used as
therapeutic agents, or as tools in the study of cell biology (Schiavo and van der Goot,
2001). On the other side, their target organisms have evolved different mechanisms
* To whom correspondence may be addressed (bravo@ibt.unam.mx)
Abbreviations: PFT, Pore forming toxins; CDC, cholesterol dependent cytolysins; PA, anthrax protective
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to counter toxin action. Understanding the mechanism of action of PFT as well as the
host responses to toxin action would provide ways to deal with these pathogens or
with emerging pathogens and more importantly to improve the action of toxins that
have biotechnological applications. In this review we will describe the intracellular
effects induced by some PFT and the cellular responses evolved by eukaryotic cell
to overcome PFT action.
Introduction
An essential feature of PFT is their capacity to interact with the target membrane
and the conformational changes that lead to pore formation. In some sense PFT are
unique proteins that are synthesize as soluble proteins that are capable of breaking the
hydrophobic barrier of the cellular membrane becoming integral membrane-proteins.
PFT are usually conformed by multiple domains. Some domains may have different
and complementary functions as receptor binding, translocation, pore formation and
other enzymatic activities such as ADP-ribosylating, methaloprotease or adenylate
cyclase activities among others (Parker and Feil, 2005).
An initial step in pore formation includes interaction with the target-membrane,
although the mechanism is unclear some generalities can be drawn, such as the presence of exposed aromatic residues that bind to the membrane bilayer as the cholesterol
dependent cytolysins (CDC) produced by different genera of Gram-positive bacteria,
including Clostridium, Bacillus, Streptococcus, Listeria and Arcanobacterium (Palmer,
2001), or the presence of hydrophobic helical hairpins as the case of diphtheria toxin
from C. diphtheria or colicins produced by some Escherichia coli strains (Parker
and Feil, 2005).
Regarding membrane insertion, there are several examples of PFT that span the
membrane bilayer by forming β-barrel structures, named β-PFT. Other PFT involve
clusters of α-helices, named α-PFT. In most of the β-PFT, the insertion into the membrane to form the final pore involves only a small part of the protein and the rest of
the protein, including the receptor and membrane binding domains, remain outside
of the membrane. In some of the β-PFT, the trasmembrane region represent a smallunstructured loop motive in the soluble protein that refolds to form the transmembrane β-strand as the case of anthrax protective antigen (PA) toxin or aerolysin from
Aeromonas hydrophila (Parker and Feil, 2005). In other β-PFT the transmembrane
β-strands already exist in the pre-pore, such as the α-toxin and leukocidins from
Staphylococcus aureus (Parker and Feil, 2005). Finally, in the case of the CDC toxin
family the transmembrane β-strands are formed from existing strands connected by
short α-helices involving an important conformational change to β-strand (see insert
of Figure 1)(Parker and Feil, 2005). Some toxins require six or seven β-hairpins, each
from a different monomer, to form a 12 or 14 β-strand-barrel as leukotoxins, α-toxin,
or anthrax PA. Other PFT requires a much higher number of β-strands to form the
β-barrel, as is the case of the CDC-toxin family that require more than 35 monomers,
each one inserting a pair of β–hairpins in the final pore. In contrast, helical α-PFT
like colicins, have a dynamic structure that involves insertion of preformed α-helices
into the membrane (Parker and Feil, 2005).
Recently, the structure of some PFT have been compared with cellular proteins that
are also capable of breaking the hydrophobic barrier of the membrane as the case of
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the membrane-attack complex of complement and perforin (MACPF) that shows some
similarities at the 3-D structural level with CDC-toxins (Figure 1), or the apoptosis
inhibitor Bcl-xl protein that shows some similarities with colicin (Figure 2) (Anderluh and Lakey, 2008). The analysis of the superposition of the 3-D structures of
human-MACPF and CDC toxin intermedilysin (ILY) from Streptococcus intermedius,
shows that these proteins share 149 residues, that in the CDC toxin correspond to the
trans-membrane regions 1 and 2 (Figure 1) (Slade et al., 2008).

Figure 1. Ribbon representation of the intermedilysin (ILY) from Streptococcus intermedius (PDB number
1S3R) and human membrane-attack complex of complement and perforin (MACPF) (PDB Number 2RD7).
This figure was produced by the computer program Swiss Pdb-Viewer. Both proteins show a small region,
encircled that shows some similarities at the 3-D structural level. In the CDC toxin, ILY, this region corresponds to the transmembrane region involved in pore formation. Insert shows a schematic representation
of the large conformational change that CDC may have during pore formation.

Figure 2. Ribbon representation of the apoptosis inhibitor Bcl-xl (PDB number 1r2d) that shows some similarities
with colicin A (PDB number 1col). This figure was produced by the computer program Swiss Pdb-Viewer.

Defense mechanisms evolved by eukaryotic cells to bacterial infections
Eukaryotic cells have several resources to respond to different biotic and abiotic
stresses. In the case of pathogen invasion the immune system is constantly challenged
to destroy the pathogen and infected cells avoiding the destruction of non-infected
tissue (Pedersen, 2007). Two general defense responses have been described, the innate and the adaptive immune responses.
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INNATE IMMUNE RESPONSE

The innate immune system allows the eukaryotic cells to have a quick and broad
spectrum of responses. The innate immune cells such as macrophages and dendritic
cells directly suppress the pathogenic microorganisms through phagocytosis or by
induction of the expression of cytokines, chemokines and costimulatory molecules
that participate in pathogen elimination (Akira et al., 2006). In the innate immune
system, the major humoral components are the complement enzymes of the alternative, lectin-binding and classical pathways, which involve more than 30 plasma and
cell-surface proteins (Honeyman and Harrison, 2004). The complement activation
leads to opsonization and killing of pathogens by forming a membrane pore named
the MACPF, which results in the lysis of pathogens (Huw, 2008). It is intriguing that
eukaryotes evolved also pore-forming proteins as an strategy to defend themselves
from pathogen attacks.
The innate response represents the early events that involve pattern recognition
receptors (PRR) that recognize general features that microorganisms share named
pathogen-associated molecular patterns also known as PAMP in different cellular
compartments, such as the plasma membrane, endosomes or cytoplasm. These
receptors are evolutionarily conserved and include: Toll-like receptors, retinoic acidinducible gene-I-like receptors and Nod-like receptors (NLR). These receptors have
different cytoplasmic domains, responsible for transducing signals inside of the cell
(Honeyman and Harrison, 2004; Huw, 2008). For instance, the effector-domain of
NLR bind to the corresponding domains of their downstream signaling cascade inducing the formation of a large multiprotein complex called the inflammasome that
recruited caspases resulting in activation of the transcription factor NF-κB and the
mitogen activated protein kinase (MAPK) pathways. The free NF-κB binds then to
its target genes, facilitating their transcription, leading to the production of proinflammatory cytokines such as tumor necrosis factor (TNF-α), and interleukins IL-1β and
IL-6. The MAPK pathways include ERK, JNK and p38 subfamilies that also play a
pivotal role in the biosynthesis of cytokines (Dong et al., 2002). The pyroptosis is
the programmed cell death process that involves the activation of caspase-1 and the
inflammasome complex formation.
An alternative cellular mechanism to control bacterial infections is autophagy,
which is considered an innate immune mechanism that acts in the intracellular space.
Autophagy restricts the infection by sequestering intracellular pathogens in a double
membrane structure, named autophagosoma that will be delivered to lysosomes for
degradation (Deretic, 2006).
ADAPTIVE IMMUNE RESPONSE

Only when innate host defense is overwhelmed, the induction of an adaptive immune response is required (Pedersen, 2007). In this condition, the responses of the
innate immune system instruct the development of long-lasting pathogen-specific
adaptive immune responses. The adaptive system is mediated by antigen receptors
on lymphocytes, which produces a more sustained and comprehensive response. This
response takes several days to mount, but take advantage of a very large repertoire of
antigen receptors. One important characteristic of the adaptive system is that it retains
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a memory of exposure to each microbe and ensures the system is mobilized more
rapidly upon a subsequent infection by the same pathogen (Huw, 2008).
The adaptive immune system consists of B- and T-cells, which provide pathogen
specific immunity to the host through somatic rearrangement of antigen receptor
genes. B-cells produce specific antibodies to neutralize pathogens, whereas T-cells
provide the cytokine milieu to clear pathogen-infected cells through their cytotoxic
effects or via signals to B-cells (Hoebe et al., 2004).
Intracellular effects induced by PFT
The pore formation activity of PFT directly permeabilize the plasma membrane,
leading to changes in cytoplasmic ions composition, such as Ca2+ or K+ ions and also
induce changes in osmotic pressure. Recent studies have shown that high concentrations of PFT destroy target cells. However, before the irreversible damage occurs, the
cell may trigger sophisticated mechanisms and display signal-transduction pathways
as responses to subcytolytic concentrations of PFT. The host responses may include
adaptive or innate immunity responses as well as cellular non-immune defenses
(Aroian and van der Goot, 2007).
Cells of the immune system such as lymphocytes, macrophages or dendritic cells
produce numerous inflammatory molecules and also may undergo apoptosis after
PFT action. For instance, interleukins IL-8 and IL-1β are induced after treatment
with α-toxin, aerolysin, pneumolysin (PLY) from S. pneumoniae, and Listeriolysin
(LLO) from Listeria monocytogenes (Shoma et al 2008, Chopra et al 2000, Bhadki
et al 1989: Gekara et al., 2007) TNF-α is induced after treatment with aerolysin and
Streptolysin O (SLO) from S. pneumoniae (Stassen et al 2003: Chopra et al 2000).
Non-immune cells, such as epithelial cell, vacuolated in response to PFT, and induce
MAPK p38 activation (Ratner et al 2006; Husmann et al 2006; Huffman et al 2004;
Bischof et al 2008)
Toxin-induced membrane permeabilization may activate pathways involved in
cell survival or related to cell death. We will review both of these intracellular effect
induced by PFT.
Mechanisms of cell death induced by PTF
APOPTOTIC DEATH INDUCED BY PFT AT SUBLYTIC CONCENTRATIONS

Apoptosis is described as a programmed death process that avoids eliciting inflammation. It is considered to be a regulated and controlled process. The morphology
associated with apoptosis is characterized by nuclear and cytoplasmic condensation
and cellular fragmentation. The apoptosis pathway implies a metabolic cascade started
by initiator caspases (caspase-2, -8, -9 and -10) followed by activation of the effector
caspases (caspase-3, -6 and -7) that will cleave different cellular substrates to produce
the morphological and biochemical features associated with apoptosis. For example,
a DNA ladder is produced by cleavage of genomic DNA between nucleosomes, as
a product of a caspase-activated DNase; detachment of apoptotic cells resulted from
cleavage of the components of the adhesion complex; and plasma membrane blebbing
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resulted from caspase mediated activation of gelsolin an actin depolymerizing-enzyme
(Fink and Cookson, 2005).
Several PFT induce cell death by two mechanisms, oncosis and apoptosis, depending
on the cell type and on the dose of toxin. When used at low concentrations some PFT
induce apoptosis, in contrast to high toxin dose, where cells died quickly by oncosis
or necrosis. The participation of the pore formation activity of PFT in the induction
of these responses was confirmed by using point mutants affected in pore formation,
or by knockout mutants that do not produce the PFT or by reducing toxin expression
by antisense RNA. Also, heat inactivated toxins were unable to induce apoptosis or
cell death (Genestier et al., 2005; McClane and Chakrabarti, 2004; Katayama et al.,
2007; Wiles et al., 2008; Menzies and Kourteva, 2000).
The Panton-Valentine Leukocidis (PVL) from S. aureus, is a β-PFT composed by
two components, the LukS-PV and the LukF-PV, forming an octameric β-barrel pore.
Purified PVL induced apoptosis in neutrophils, monocytes and macrophages when
used at sublytic concentrations. This process involves activation of caspases-9 and
-3. In contrast, high concentrations of this toxin induced necrotic alterations forming
large-pores (Table 1) (Genestier et al., 2005). The Clostridium prefringens enterotoxin
(CPE) at low dose induces typical apoptotic cell death in mammalian Caco2 cells.
The observed effects include DNA fragmentation with a ladder-pattern, chromatin
condensation, mitochondrial membrane depolarization and activation of caspase-3
and -7. Similarly to PVL, a high dose of CPE induces cell death by oncosis showing
random DNA shearing. Studies performed with CPE knockout mutant confirmed the
importance of this toxin in inducing plasma membrane permeability alterations and
in promoting cell death (Table 1) (McClane and Chakrabarti, 2004). The parasporin-1
produced by Bacillus thuringiensis, the α-hemolysin (HlyA) produced by Escherichia
coli (UPEC) and α-toxin also induces apoptosis cell death when used at low dose
(Katayama et al., 2007; Wiles et al., 2008; Menzies and Kourteva, 2000). Parasporin-1
is toxic to certain mammalian cancer cell lines such as HeLa, and induces apoptotic
cell death by a mechanism that involves a large influx of extracellular Ca+2 and
activation of caspase-3. Synthetic caspase-inhibitors are able to block parasporin-1
cytotoxic activity (Katayama et al., 2007). The HlyA toxin induces apoptosis at sublytic concentrations on different target host cells such as neutrophils, T-lymphocytes,
renal and epithelial cells (Wiles et al., 2008) and the α-toxin triggers apoptosis in
endothelial and lymphocytes cells. TUNEL and DNA ladders were observed when
cells were treated with at 5 to 20 nM of α-toxin. High concentrations of α-toxin induced cell lysis by necrosis. Toxin negative mutants or down regulation experiments
of expression of α-toxin using an anti-sense fragment of α-toxin gene, show no DNA
ladder formation when compared with a clinical S. aereus isolate suggesting that low
concentration of α-toxin is responsible of triggering apoptosis in these cells (Table
1) (Menzies and Kourteva, 2000).
The aerolysin triggers apoptosis in T-lymphomas at sub-nM concentrations and
this effect was overcome at high toxin concentrations, where cells died quickly and
apoptotic pathway was not triggered (Nelson et al 1999). The authors used different
variants of aerolysin to demonstrate that binding interaction with toxin receptors is
not enough to trigger the apoptosis response, nor the clustering of receptors that may
be induced by toxin oligomerization induced the intracellular signal for apoptosis
activation. It was shown that aerolysin cause apoptosis of T-cells by the production

a

Inactivate Akt signaling
Caspase-1, cytokine activation, DNA cleavage
K+ efflux
Membrane blebbing, activation of adenylyl cyclase, Not-determined
G-protein and protein kinase A, increase in AMPc,
Activation of caspase-3
Influx of Ca+2

Leukocytes,
Macrophages
H5 ovarian
insect cells
HeLa

Wiles et al., 2008

Atapattu and
Czuprynski, 2005
Wiles et al., 2008

Timmer et al., 2008
Guessan et al., 2005
Stringaris et al., 2002
Shoma et al., 2008

McClane and
Chakrabarti, 2004

Increase in Ca2+, Pointmutants

Katayama et al., 2007

Wiles et al., 2008
Fink et al., 2008
Zhang et al., 2006

Nelson et al., 1999

Toxin negative mutants. Menzies and
Heat-inactivated toxin Kourteva, 2000

Cell detachment but no-TUNEL
DNA fragmentation

TUNEL, DNA ladders

Inactivate Akt signaling

Neutrophils,
T-lymphocyte
Renal, 5637
Bladderepithelial
5637bladderEpithelial
Endothelial
Lymphocytes
Endothelial
T-lymphomas

∆hlyA- mutant
HlyA not-HlyCactivated,
Point-mutants
Influx of Ca2+

lktC deficient mutant

Inhibition of Akt activation
Inactivate Akt signaling by stimulation of host
phosphatases

Pure toxin, ∆slo
Ca2+ influx, ∆ply deleted
mutant.
knockout mutant

knockout mutant

Involvement of pore
Reference
formation
Recombinant PVL,
Genestier et al., 2005
∆luk-PV deleted mutant

DNA fragmentation, chromatin condensation,
activation caspase-3, -7
Random DNA shearing
Activation caspase-1
MAPK p38 activates caspase-6, -9 and -3, DNA
fragmentation, chromatin condensation, TUNEL
Activation of caspase-1, IL-1α, IL-1β, IL-18

Activation of caspase-9, -3,
chromatin condensation

Characteristics

One U of Leokotoxin was defined as the leukotoxin dilution causing 50% killing of 106 leukocytes BL-3.

Parasporin1 Apoptosis 1-10 mg/ml

Aerolysin

> 50 nM
Sub-nM
high dose
sublytic
1µg/ml
180 nM

Apoptosis Sublytic
1 µg/ml
Apoptosis 5 to 20 nM

Apoptosis Sublytic

Necrosis
Apoptosis
Necrosis
Apoptosis
Anthrax LT Pyroptosis
Cry1Ab
Oncosis

α-toxin

HlyA

Cell
Concentration Type of cell
Response
PVL
Apoptosis 5 nM
Neutrophils,
Monocyes
Necrosis 200 nM
Macrophages
CPE
Apoptosis 1 µg/ ml
Caco2
Oncosis
10 µg/ml
SLO
Pyroptosis 1-16 µg/ml
Macrophages
PLY
Apoptosis Low dose
Endothelial
Neuroblastoma
0.5 µg/ml
Macrophages
Pyroptosis Low dose
0.1 µg/ml
Leukocytes
Leukotoxin Apoptosis 0.2 Ua

Toxin

Table 1. Summary of the different responses triggered by PFT that cause cell death.
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of small number of channels in the cell membrane. Channel formation resulted in a
rapid increase in intracellular Ca2+, which was speculated to be the signal triggering
apoptosis (Table 1) (Nelson et al., 1999).
Finally, in the case of PLY toxin it was demonstrated that it induces apoptosis in human endothelial and neuroblastoma cells. The apoptosis pathway was activated through
MAPK p38 and JNK pathways. PLY apoptotic cells shows activation of caspases -6, -9
and a late activation of caspase-3. Inhibition of p38 and JNK phosphorylation strongly
reduced caspases activation and apoptosis (Guessan et al., 2005). DNA fragmentation
and chromatin condensation were observed, and caspase inhibition exert significant
protection from PLY induced toxicity. It was reported that extracellular Ca2+ influx
mediated by PLY pores correlates with activation of MAPK p38 since inhibition of
Ca2+ influx in a Ca2+ free bathing solution and inhibition of MAPK p38 activity with
selective inhibitors such as SB203580, rescued neuronal cells from death, suggesting
that Ca2+ pores induced by PLY, activate MAPK p38 response and correlated with
apoptosis death (Table 1) (Stringaris et al., 2002).
ONCOSIS DEATH INDUCED BY PFT

Cell death by oncosis is characterized by cellular and organelle swelling, blebbing
and increase in membrane permeability. Oncosis may result from toxic agents that
interfere with ATP generation, or cause uncontrolled cellular energy consumption.
Also, altered intracellular Ca+2 levels can induce oncotic cell death. An essential element of oncosis is its inflammatory nature.
As stated above several PFT (PVL, CPE, α-toxin, aerolysin) induce oncotic cell
death when assayed in high concentrations, although the mechanism that is responsible
for oncosis induction remains unknown (Table 1) (Genestier et al., 2005; McClane
and Chakrabarti, 2004; Menzies and Kourteva, 2000; Nelson et al., 1999).
The only example that explains the mechanism of oncosis death has been reported
for the insecticidal Cry1Ab toxin produced by Bacillus thuringiensis (Zhang et al.,
2006). These studies were performed in H5 insect cell line expressing one receptor of
Cry1Ab toxin, the Manduca sexta cadherin receptor (Bt-R1). The authors demonstrated
that cell death was triggered by the interaction of the monomeric Cry1Ab toxin with
Bt-R1. This binding event activates a Mg+2 dependent signal cascade pathway that is
responsible for oncotic cell death. The cytological changes include membrane blebbing, appearance of ghost nuclei, cell swelling and lysis. It was shown that binding
of Cry1Ab to Bt-R1 activates a G-protein, which in turn activates adenylyl cyclase
promoting the production of intracellular camp. The increased levels of cAMP activated protein kinase A that is ultimately responsible for causing cell dead (Zhang
et al., 2006). The authors proposed that cell death resulted from a complex cellular
response not by osmotic lysis produced by toxin pore formation activity. However,
this oncotic process has not been studied in insect-midgut cells and may be particular
for this specific cell line, which was originated from ovarian cells of Trichoplusia
ni. An opposite model explains that the mechanism of Cry1Ab toxin action in insect
larvae is due to pore formation activity of the toxin (Bravo et al., 2004, Bravo et al.,
2007). In this model, it was proposed that binding with of Cry1Ab toxin to Bt-R1
facilitates an additional protease cleavage at the N-terminal end of the toxins eliminating helix α-1 of domain I (Gomez et al., 2002). This cleavage induces assembly of

Defense and death responses to pore forming toxins 73
an oligomeric form of the toxin. The oligomers bind to secondary receptors, which
are glycosylphosphatidyl-inositol (GPI)-anchored proteins, such as aminopeptidase
N in M. sexta and alkaline phosphatase in the lepidopteran Heliothis virescens or the
dipteran Aedes aegypti (Bravo et al., 2007). After the oligomers bind to secondary
receptors, they insert into membrane microdomains, where GPI anchored receptors
are localized, and create pores in the apical membrane of midgut cells causing osmotic
shock, bursting of the midgut cells that result in insect death (Bravo et al., 2004).
Recently it was shown that genetic engineered modified Cry1Ab and Cry1Ac toxins
that were deleted of amino-terminal end including helix α-1 (i.e. Cry1AbMod and
Cry1AcMod) formed oligomers in the absence of Bt-R1 receptor (Soberón et al.,
2007). Interestingly, these modified toxins kill M. sexta insects, in which the Bt-R1
protein was silenced by RNA interference (RNAi) and which resulted in resistance
to Cry1Ab. The Cry1AMod toxins also kill Pectinophora gossypiella resistant insects
in which the Cry1A-resistance had been found to be due to deletions in the cadherin
Bt-R1 gene (Morin et al., 2003, Soberon et al., 2007). In addition, Cry1Ab mutants
affected in oligomerization or in pore formation are non-toxic despite the fact that
they bind to Bt-R1 receptor with similar affinity as the wild type toxin and recently it
was demonstrated that certain Cry1Ab point mutants that affect pore formation exert
a dominant negative phenotype over the native Cry1Ab toxin (Jimenez-Juarez et al.,
2007; Rodriguez-Almazan et al., 2009). Overall these results indicate that binding to
Bt-R1 is not enough to trigger cell death in the insect larvae and that oligomerization
and pore formation activity are essential steps in the mode of action of Cry toxins.
Nevertheless it is still possible that intracellular signals may be triggered by poreformation induced by Cry toxin in the insect larvae, as has been shown for other PFT
(Arioan and van der Goot 2007; Soberón, et al., 2009).
PYROPTOSIS INDUCED CELL DEATH BY PFT

Pyroptosis is a caspase-1-dependent inflammatory form of cell death that involves the
secretion of the pro-inflammatory-cytokines such as IL-1β and IL-18 after formation
of inflammasome complexes. (Fernandes-Alnemri et al., 2007).
Different PFT activates pyroptosis in target cells. PLY, SLO and lethal toxin (LT)
from B. anthracis activate caspase-1 in macrophages (Table 1) (Shoma et al., 2008;
Timmer et al., 2008; Fink et al., 2008). It was shown that treatment with PLY induces
the production of IL-1α, IL-1β and IL-18 and a S. pneumoniae mutant lacking the
ply gene was unable to induce this response, suggesting that PLY plays an important
role in promoting cell death though pyroptosis (Shoma et al., 2008). In agreement
with this observation it was reported that caspase-1 deficient macrophages were more
resistant to cell-death induced by another CDC toxin, the SLO toxin (Timmer et al.,
2008). The response of macrophages to LT include the stimulation of the inflammasome, cytokine activation, DNA cleavage and lysis mediated by the formation of
membrane pores between 1.1 and 2.4 nm that could be blocked by osmoprotectants
and glycine (Fink et al., 2008). Interestingly, it was shown that LT proteolytic activity is necessary but not sufficient to trigger this caspase-1 dependent response and
that this response depends on pore formation activity of the anthrax PA toxin and K+
efflux (Fink et al., 2008).
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PFT INACTIVATE THE HOST CELL SURVIVAL AKT PATHWAY PROMOTING CELL DEATH BY
APOPTOSIS

Akt, also known as protein kinase B or PKB, is a key regulator of host cell survival
pathway. Akt plays an important role in controlling cell cycle, endocytosis and vesicular trafficking, apopotosis inhibition and inflammatory responses to bacterial
infections. Akt is activated by phosphorylation downstream PI3-kinase and G-protein
coupled-receptors. This cell-survival pathway is inactivated by sublytic concentrations of different PFT such as HlyA, aerolysin, α-toxin and leukotoxin in leukocytes
and epithelial cells (Table 1) (Wiles et al., 2008, Atapattu and Czuprynski, 2005).
The PFT stimulates specific host phosphatases that inactivate Akt as a result of pore
formation and influx of Ca+2 ions. The pore forming activity of HlyA depends on the
presence of an activator protein named HlyC, that is an acyltransferase that acylates
HlyA resulting in pore-formation activation. HlyA produced in absence of HlyC
insert into the host membrane but is unable to form pores. Under these conditions
it is unable to inactivate Akt pathway indicating that pore formation is required to
stimulate Akt dephosphorylation. In addition, inactive HlyA mutants unable to make
pores or the addition of dextran to external medium, which was shown to block HlyA
pores, prevented HlyA induced dephosphorylation of Akt. Akt has several downstream
targets such as glycogen synthase kinase involved in cell proliferation, metabolism
pathways and inflammatory responses. Then the inactivation of Akt by PFT may adversely affect host inflammatory responses and induce apoptotic response at sublytic
concentrations (Wiles et al., 2008)
Defense mechanisms evolved by eukaryotic cells to PFT
ACTIVATION OF MAPK P38 PATHWAY

Epithelial cells start an early immune response, involving activation MAPK p38
pathway after treatment with low concentrations of several PFT. It was demonstrated
that the osmotic stress produced after formation of few pores by different PFT in the
target cells, induce a MAPK p38-phosphorylation-response that is crucial to prevent
bacterial infection (Ratner et al., 2006).
The activation of MAPK p38 after treatment with PFT was first described in
Caenorhabditis elegans treated with the B. thuringiensis Cry5B toxin (Table 2)
(Huffman et al 2004). Later it was shown that other PFT such as aerolysin, PLY,
SLO, α-hemolysin (HlyA) from S. aureus, and anthrolysin O from B. anthracis, also
induce a MAPK p38 response in epithelial cells of baby hamster or human embryonic
kidney cells when assayed a low doses (Table 2) (Huffman et al., 2004, Ratner et al.,
2006). It was shown that nM concentration of these toxins are not sufficient to cause
cytolysis, but are able to initiate a proinflamatory response at the beginning of the
infection involved in defense to PFT and cell survival. It is important to mention that
the observed phosphorylation of MAPK p38 protein was correlated with the pore
formation activity of these PFT, since toxin deficient mutants or point mutations in
toxin regions essential for pore formation activity were unable to induce this p38response. In addition, the presence of high molecular weight osmolytes, as dextran,
in the extracellular medium or calcium chelating compounds, as EGTA, inhibit the

Hla
Cry5B

Stress
Stress
Biosynthesis
of lipids

Cell
Response
SLO
Stress
Stress
Stress
Endocytosis
PLY
Stress
LLO
Stress
α-toxin
Stress
Biosynthesis
of lipids
Endocytosisexocytosis
Aerolysin Stress
Biosynthesis
of lipids
Biosynthesis
of lipids
VCC
Autophagy

Toxin

Epithelial
HeLa

CHO, HeLa

CHO, Caco2

25-50 nM
0.2 nM

0.2 nM

60 pM

Ephitelial
C. elegans

Cos7, HaCaT

500 ng/ml

100 pg/ml
low dose
low dose

Activation of MAPK p38
MAPK p38 induce TNF-α synthesis
Activation of MAPK p38
Dynamin-independent
Activation of MAPK p38
TNF-α synthesis
Activation of MAPK p38
Activation of caspase-1 that activates SREBP

Epithelial
Mast cells
HaCaT
Kidney, HeLa
Epithelial
Mast cells
HaCaT
HeLa

100 ng/ml
250 ng/ml
100 ng/ml
200 ng/ml
50 ng/ml
Low dose
10 ng/m
30 nM
Point-mutants

Ca2+ influx
Ply- deleted mutant
Ca2+ influx
Point-mutant
K+ efflux

Slo- deficient mutant

Involvement of pore
formation

Activation of MAPK p38
Activation of MAPK p38
MAPK p38 activates UPR system

Extensive vacuolation

Gutierrez et al., 2007
Ratner et al., 2006
Huffman et al., 2004
Bischof et al., 2008

Hla- deficient mutant

Gurcel et al., 2006

Huffman et al., 2004
Bischof et al., 2008

Husmann et al., 2009

Ratner et al., 2006
Stassen et al., 2003
Husmann et al., 2006
Idone et al., 2008
Ratner et al., 2006
Gekara et al., 2007
Husmann et al., 2006
Gurcel et al., 2006

Reference

VCC-Null mutant

Activation of caspase-1 that activates SREBP Point-mutants

Activation of MAPK p38
MAPK p38 activates UPR system

Endocytosis dynamin-dependent

Characteristics

Concentration Type of cell

Table 2. Summary of the different responses triggered by PFT that cause cell survival.
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stress response, suggesting that osmotic stress probably involves Ca2+ influx (Ratner
et al., 2006).
The activation of MAPK p38 in C. elegans or in HeLa cells, after Cry5 or aerolysin
treatment respectively, induces the endoplasmic reticulum stress response to unfolded
proteins (UPR). The UPR system is a complex response to different stress situations
in the cell. The UPR pathway protects cells for accumulation of unfolded proteins
during toxin intoxication and increases phospholipids biogenesis to defend against the
toxin. One of the transducers-branch that activates UPR response, named ire-1 arm,
is specifically activated by MAPK p38 after treatment of nematode C. elegans with
the Cry5 PFT. It was proposed that cells have adapted the UPR pathway to promote
cellular defense to PFT (Bischof et al., 2008).
The protective role of MAPK p38 pathway in switching on a survival response was
also observed in human epithelial cells (HaCaT) and in marrow-derived mast cells
after treatment with α-toxin or SLO, respectively (Table 2) (Husmann et al., 2006;
Stassen et al., 2003). Treatment HaCaT cells with α-toxin at concentrations lower
than 10 ng/ml, activates MAPK p38 phosphorilation. This activation correlates with
pore formation activity since a pore formation mutant that is still able to bind the cells
did not produce that effect. The inhibition of MAPK p38 with the specific SB203580inhibitor, inhibits the recovery process of cells to membrane damage (Husmann et
al., 2006). In mast cells, low doses of SLO activate MAPK p38 pathway and also
degranulation. The MAPK p38 up regulates cytokines mRNA expression such as
tumor necrosis factor alpha (TNF-α). The production of TNF-α plays an important
role in host defense in the murine model since it recruits inflammatory cells that have
critical roles in innate and adaptive immunity (Stassen et al., 2003). The TNF-α synthesis in mast cells is also induced by another CDC toxin, the LLO (Table 2). This
response depends in LLO induced Ca2+ influx from extracellular milieu and release
from intracellular stores (Gekara et al., 2007).
ACTIVATION OF LIPID BIOSYNTHESIS

Epithelial cells respond to PFT treatment by the activation of central regulators involved in membrane biogenesis (Gurcel et al., 2006). It was reported that in Chinese
hamster ovary cells (CHO) and HeLa cells the treatment with aerolysin or α-toxin
triggers K+ efflux. The decrease in intracellular K+ is linked to the assembly of two
types of multiprotein inflammasome complexes (named IPAF and NALP3) that
activate caspase-1. The caspase-1 is involved the activation of the central regulator
of lipid metabolism, the sterol responsive element binding proteins (SREBP). Caspase-1 triggers the export of SREBP from endoplasmic reticulum and its activation by
Golgi proteases. The activated SREBP function as transcription factors that migrate
to the nucleus promoting the synthesis of genes involved in membrane biogenesis.
The activation of this lipid pathway is directly correlated with cell survival (Table 2)
(Gurcel et al., 2006). Pore formation is necessary for activation of SREBP transcription factor since toxin mutants affected in insertion into the membrane or in oligomer
formation that lack pore formation activity did not activate this lipid pathway (Gurcel
et al., 2006).
In another report it was demonstrated that pretreatment with interferon IFN-α
before treatment of lung epithelial cells with α-toxin prevents cell-death. The IFN-

Defense and death responses to pore forming toxins 77
α-induced protection involves an up-regulation of lipid metabolism that depends on
protein synthesis and on the activity of fatty acid synthase (Yarovinsky et al., 2008).
This response is independent of MAPK p38 since SB203580 inhibitor has no effect
on IFN-α-induced protection (Yarovinsky et al., 2008).
ELIMINATION OF PFT BY ENDOCYTIC MECHANISMS

When the plasma membrane of eukaryotic cells is mechanically injured a process that
involves exocytosis is triggered and this process is totally dependent in a transient
Ca2+ influx. It is proposed that cells are rapidly resealed by the delivery of intracellular
membrane to the damaged-cell surface, thus membrane fusion provide a patching for
cell repair (McNeil and Kirchhause, 2005). However this mechanism would not fix
a stable transmembrane lesion caused by a PFT and it was demonstrated that repair
of transmembrane pores produced by several PFT requires other processes different
from the exocytosis-resealing mechanism of mechanical wounds. There are two different mechanisms involved in repairing transmembrane pores induced by PFT in
plasma membrane, both involved endocytosis but their main difference resides in
their dependence of Ca2+ influx. In the case of PFT that induce Ca2+ influx through
pore formation, such as SLO that produce pores permeable to Ca2+ ions, the lesion
could be repaired in kidney and HeLa cells by a process that involves endocytosis to
remove the SLO containing pores from the plasma membrane (Table 2) (Idone et al.,
2008). The endocytosis of early endosomes involved in PFT pore repair is a dynaminindependent mechanism (Idone et al., 2008). By contrast, in the case of PFT that make
small pores in the plasma membrane, which are non permeable to Ca2+ ions such as
the α-toxin, a different endocytic process is involved in the repair of this pore lesion.
In this process the eukaryotic cells internalize the pore-complex and then returned it
to the extracellular milieu as an exosome structure (Table 2) (Husmann et al., 2009).
It has been reported that endocytosis and the later exocytosis as exosomes, rescue
HaCaT, and Cos7 cells from α-toxin attack. Cells (Huh7 or HEK293) that have low
efficiency at internalizing the PFT did not survive after toxin treatment. This endocytic mechanism is dependent of dynamin and could be specifically inhibited with
the inhibitor dynasore, impairing the recovery of ATP-levels after permeabilization
with α-toxin and enhancing cell death (Husmann et al., 2009).
PROTECTIVE ROLE OF AUTOPHAGY

As stated above autophagy is a survival mechanism since it may restrict the infection by sequestering the pathogens in the autophagosoma and further degradation in
lysosomes (Deretic, 2006). Vibrio cholerae cytolysin (VCC) is a PFT that generates
extensive vacuolation in epithelial cells (Löner et al., 2009). Recently it was shown
that VCC modulate autophagy in CHO and Caco2 cells as a cellular defense pathway
against this toxin and autophagy inhibition resulted in decreased survival of Caco2
cells upon VCC intoxication (Gutierrez et al., 2007). The autophagosome formation is
induced at low concentrations the toxin as an attempt of the cells to survive, whereas
high concentrations of VCC lead to cell lysis (Table 2) (Gutierrez et al., 2007).
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Concluding remarks
When PFT are present at high concentrations, cells cannot deal with high pore formation
activity in the plasma membrane and die quickly by oncosis or necrosis since they could
not control or compensate the permeability changes. By contrast when the PFT are present
in low sublytic concentrations the cells have different strategies to respond against them
and promote survival as autophagy, endocytosis, up-regulation of lipid metabolism or
activation of stress responses directed by MAPK p38. However low concentrations of
PFT can also induce cell death by apoptosis, or pyroptosis depending in the cell type.
The main difference between these two processes is the triggering of an inflammatory
response that is present only in pyroptosis but not in apoptosis programmed cell death.
Table 1 shows that induction of apoptosis by low doses of PFT is not restricted to immune
cells such as neutrophils, monocytes, macrophages, T- lymphocytes, leukocytes, since it
has been also observed in other cell types such as epithelial cells as Caco2, HeLa, renal
and endothelial cells. In contrast pyroptosis has only been observed in macrophages. It
was proposed that induction of cell death by apoptosis could be an escaping mechanism
that bacteria may have selected to avoid the inflammasome response that could control
the infection.
Among the different signal transduction pathways that are activated by PFT, MAPK p38
activation plays an important role. It is clear that MAPK p38 may trigger survival responses
to PFT action in several cell types. However, in some others, this pathway activates apoptosis
as shown in neuronal cells after treatment with PLY. Table 2 shows that the cell survivalresponses induced by MAPK p38 activation are frequently observed in different cells after
treatment with low doses of PFT. In marrow-derived mast cells, activation of MAPK p38
induces TNF-α synthesis. TNF-α recruits inflammatory cells that have critical roles in innate and adaptive immunity. In C. elegans and epithelial cells MAPK p38 induces the UPR
stress response which protects the cells for accumulation of unfolded proteins during toxin
intoxication and increases biogenesis of phospholipids to repair the lesion.
It is interesting that in all cases the signal that triggers the survival or death responses
at low dose of PFT is related to the changes in the membrane permeability observed after
pore formation activity of PFT. These data are supported by different point mutations in
PFT affecting their pore formation activity or knockout mutants where PFT are missing.
In addition, the influx of Ca2+ or the efflux of K+ seems to be important signals to trigger
these responses (Table 2). High doses of PFT also kill susceptible cells by producing
severe membrane damage due to high pore formation activity (Table 1). It is likely that
in vivo conditions will resemble those of low dose of PFT, triggering cells defense trough
-live and -death pathways.
Although the PFT are neither similar at their amino acid sequence nor their structural
levels, their mechanism of action is similar since this relies in changing the membrane permeability of their target cells and as a consequence cells have evolved similar mechanisms to
avoid or repair membrane damage that would ensure cell survival upon pathogen attack.
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Abstract
Gene therapy and DNA vaccination are clinical fields gradually emerging in the last
few decades, in particular after the discovery of some gene-related diseases. The
increased relevance of biomedical applications of plasmid DNA (pDNA) to induce
therapeutic effects has had a great impact on biopharmaceutical research and industry.
Although there are several steps involved in the pDNA manufacturing process, the
several unit operations must be designed and integrated into a global process. After
the plasmid has been designed according to the requirements for clinical administeration to humans, it is biosynthesised mainly by an E. coli host. The overriding priority
of the production process is to improve plasmid quantity - the production conditions
need to be optimised to guarantee pDNA stability and biological activity.
The complexity and diversity of biomolecules present on the pDNA-containing
extracts represent the main concern and limitation to achieve pure and biologically
active pDNA. There has been a recent intenstification of the improvement of existing
purification procedures or the establishment of novel schemes for plasmid purification.
* To whom correspondence may be addressed (jqueiroz@ubi.pt)
Abbreviations: AC, affinity chromatography; AEC, anion-exchange chromatography; cccDNA, covalently
closed circular DNA; E. coli, Escherichia coli; DCW, dry cell weight; DO, dissolved oxygen; EMEA,
European Agency for the Evaluation of Medical Products; EU, endotoxin units; FDA, Food and Drug Administration; gDNA, genomic DNA; GMP, Good Manufacturing Practices; HIC, hydrophobic interaction
chromatography; HPLC, high performance liquid chromatography; IMAC, immobilized metal ion-affinity
chromatography; LB, Luria-Bertani; oc, open circular; OD, optical density; pDNA, plasmid DNA; RNAi,
interference RNA; sc, supercoiled; SDCAS, semi-defined medium containing casamino acids; SDS, sodium dodecyl sulfate; SDSOY, semi-defined medium containing soya amino acids; SEC, size-exclusion
chromatography; TFF, tangential flow filtration; THAC, triple-helix affinity chromatography.
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This review focuses on the progress and relevance of chromatographic methodologies
in the purification of pDNA-based therapeutic products. The review will attempt to
assemble their different contributions of the different chromatographic procedures
that are being used in the pDNA purification area. The advantages and disadvantages
of the different chromatographic techniques, as well as the most significant improvements in response to the challenge of purifying pDNA will be discussed, emphasizing
the future directions in this field.
Introduction
Novel technologies using genes themselves as drugs to treat infections, hereditary
genetic disorders, cancers, heart diseases and many other devastating illnesses, have
brought together the efforts of biotechnology, genetic, pharmaceutical and medical researchers to develop efficient therapeutic products and new production platforms. With
the aid of these advances, new promising and potentially revolutionary human DNA
therapeutics have emerged in a way to therapeutically manipulate the gene set-up in
many organisms, to alter the DNA content and introduce new useful characteristics.
The increased interest in gene therapy or DNA vaccination as alternative therapies
has been accompanied by the expansion of new methodologies. Although, the first
gene therapy reports were constructed by using DNA as therapeutic products, more
recently the applicability of RNA molecules coding for tumor associated antigens is
now also being exploited for specific vaccination approaches (Weide et al. 2008). A
novel mechanism for regulation of gene expression has, for example, recently been
discovered, involving the ribonucleic acid interference (RNAi). The RNAi mechanism uses two forms of small RNA molecules, micro RNA which prevents protein
synthesis, and small interfering RNA which degrades messenger RNA (McCarthy
et al. 2009).
Although many clinical trials of gene therapy and DNA vaccination have displayed
exciting efficacies, some safety problems have hindered DNA-based products from
reaching the market and their clinical application (Hu et al. 2006). On the course from
early pre-clinical research to final commercial products, gene therapy tools and production methods have undergone tremendous changes to improve safety and efficacy.
Hence, to reach a successful biomedical application, the need to improve or optimise
the global biosynthesis and manufacturing process has arisen. In fact, the potency of
these therapeutic products based on DNA insertion has been significantly enhanced by
recent advances in the genetic, immunological and biotechnological research fields.
Some of the more noteworthy approaches are based on the implementation of plasmid
constructs, achieved through genetic engineering, on the improvement of the plasmid
manufacturing process and on the discovery of novel and more suitable delivery
systems. All the operations involved in plasmid design, production and purification
must be planned and adjusted to control critical conditions. The purification degree
of the therapeutic plasmid product is one of the most significant requisites, placing
a high degree of relevance on the selection of the purification strategy to guarantee
plasmid DNA (pDNA) stability and biological activity.
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THE RELEVANCE OF pDNA ON EMERGING GENE THERAPIES

In recent years, society in general, medical, industrial and research groups have assisted in an increased interest in the development of DNA vaccination and gene therapy
strategies, as well as in the recombinant production of therapeutic agents. Gene therapy
is expected to have a major impact on human healthcare in the future and become a
promising therapeutic option for treating and improving control of cancer and genetic
diseases (Guo et al. 2008). Although some conventional treatments are effective, gene
therapy could be more economical and more convenient because it provides higher
targeting and prolonged duration of action, which allows biological effects to be more
subtle and better localized to the most appropriate cells (Manthorpe et al. 2005;
Mountain 2000; Patil et al. 2005; Sebestyen et al. 2007). However, the development
of gene-based products as an alternative for the conventional drugs presented new
challenges for researchers, clinicians and regulatory authorities. While there is a long
history with adverse effects of pharmaceutical drugs, the successful commercial implementation of gene therapy drugs has only recently have been reported. In 2003, the
Chinese drug regulatory agency approved the first gene therapy product for head and
neck squamous cell carcinoma, which subsequently became available at 2004 (Patil
et al. 2005). In this particular gene-based treatment, the delivery system is capable
of inserting the p53 gene into tumour cells, thereby inducing cell death. The approval
of other gene-based therapeutic products has subsequently occurred, and since gene
therapy begins to produce its first clinical successes the interest for achieving suitable
vectors is also rapidly expanding.
Recombinant viral vectors are the natural preferred vehicles for heterologous gene
delivery for immune responses and have been extensively studied and developed,
mimicking real-life infection (Anderson and Schneider 2007; Brave et al. 2007).
However, several drawbacks are associated with the application of viruses, since their
intrinsic immunogenicity restricts their repeated usage, their delivery capability is
restricted to relatively small amounts of DNA (Braun 2008) and they have a small risk
of random integration with oncogene activation and consequent leukemia (BrannonPeppas et al. 2007; Patil et al. 2005; Tangney et al. 2006). Largely due to the setbacks
encountered with viral vectors, emphasis has been placed on improving the efficacy
of non-viral systems because of their favourable safety profile. In particular, nakedDNA vaccination has arisen as an effective strategy in the preventive medicine field
with promising future prospects. The ability of pDNA to activate both the humoral
and cellular immune systems against the encoded antigen (Liu 2003; Manthorpe et al.
2005; McDonnell and Askari 1996; Weide et al. 2008) have resulted in an intensive
study of new strategies aimed at increasing the DNA vaccine immunogenicity.
DNA-based therapies present better potential for multivalent treatments, are comparatively less expensive and easy to produce using a generic manufacturing process
based on bacterial culture and DNA preparation protocols (Manthorpe et al. 2005;
Zanin et al. 2007). In addition, the quality control is standardized, storage conditions
are independent of the encoding genes (Manthorpe et al. 2005) and these therapeutic
products are also relatively safe (Zanin et al. 2007). Hence, as non-viral vectors are
safer, less immunogenic and have greater potential for delivery of larger genetic units
(Tangney et al. 2006), they can also be used in various gene therapy approaches.
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However, given the initial lack of efficiency of non-viral vectors in experimental studies and in clinical settings, the overall outcome has clearly indicated that improved
synthetic vectors and delivery techniques are required for successful clinical gene
therapy (Braun 2008). Recently, the development of a gene delivery methodology
based on a hydrodynamics procedure has resulted in high level of gene expression
and suppression of liver metastasis after intravenous injection of naked pDNA (Yonenaga et al. 2007). Another example with clinical significance was the expression
of vascular endothelial growth factor using naked plasmid DNA that enhanced the
recovery of local blood flow and stimulated the proliferation of vascular endothelial
cells (Chang et al. 2008). In 2007, it was reported the first clinical success using a
pDNA vector to treat critical limb ischemia by inducing the expression of angiogenic
growth factors (Morishita et al. 2004).
As summarized in Table 1, the promising preclinical results encouraged non viralbased therapies into clinical trials for a number of diseases with complex etiologies,
such as cystic fibrosis (Lee et al. 2005), anemia (Sebestyen et al. 2007), cancer (Yonenaga et al. 2007), and neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease. The application of non-viral vectors in DNA vaccination strategies
has also resulted in progress, focusing on several target diseases such as influenza
(Drape et al. 2006; Hoare et al. 2005; Kodihalli et al. 1999), malaria (Wang et al.
1998) Ebola (Martin et al. 2006), HIV (Mwau et al. 2004), or human papillomavirus
(Sheets et al. 2003).
Table 1. Examples of plasmid DNA clinical trials currently in progress
Plasmid / Drug

Target Disease

Trial
Phase

Purpose

Related Reference

pGA2/JS2
Plasmid DNA
Vaccine
VRCAVIDNA03600-VP
HGF plasmid

HIV infection

Phase I

Induce an immune
response against HIV
proteins
Induce immunity
against H5N1

Gurunathan et al.
2000

Critical limb
ischemia

Phase II

Powell et al. 2008

pDNA encoding
gp100

Cancer –
Melanoma

-

pGM169/GL67A

Cystic Fibrosis

Phase I
Phase II

Evaluate the
improvement of blood
perfusion
Increasing T-cell
responses against
cancer antigens
Evaluate gene transfer
to the lungs of patients
with cystic fibrosis

H5N1 Influenza Phase I
infection

Subbarao et al.
2006

Rosenberg et al.
2003
Alton et al. 1999

RELATION OF pDNA TOPOLOGY WITH ITS BIOLOGICAL FUNCTION

Although the development of the DNA assisted clinical strategies may be performed by
using different DNA vectors, the application of pDNA is being more accepted because
of the advantages associated with its non-viral origin. Plasmids are high molecular
weight (M >106 Da), double-stranded DNA constructs containing transgenes, which
encode specific proteins. In nature, plasmids are found in bacteria where pDNA is
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located separately from the chromosomal DNA. All essential functions of the bacterial cell are described by the genetic code of the chromosomal DNA, and only certain
specific functions are expressed by genes of the plasmid.
An advantage of using pDNA in genetic therapies is that no major formulation or
alteration of plasmid molecules is required. Approximately half of the plasmid encodes
the two major elements used by bacteria during production, namely a bacterial origin
of replication and a selectable marker, usually an antibiotic resistance factor (Kaslow
2004; Liu 2003). The other half of the plasmid ring comprises a complete eukaryotic
expression element, consisting of a promoter, a region encoding the gene of interest
and a termination sequence (Kaslow 2004; Liu 2003).
The mechanism of action of pDNA in gene therapy or DNA vaccination requires
that plasmid molecules gain access into the nucleus after entering the cytoplasm (Patil
et al. 2005). This is one of the steps that can be limiting in efficient gene expression.
Therefore, the design and engineering of plasmids to obtain maximum transfection
efficiency is being extensively investigated. Several parameters may influence the
transfection efficiency and gene expression being the compaction degree one of the
most stated.
Inside the eukaryotic cells the DNA structure must be compact, for this reason the
original right-handed twist DNA molecule is reorganized into a more complex structure
which results from the additional twist in the molecule in the opposite sense resulting
in negatively supercoiled (sc) DNA. Biologically, negative supercoiling is advantageous because it promotes the unwinding and strand separation necessary during some
biological phenomena (Clark 2005). It is currently accepted that DNA topology is
of fundamental importance for a wide range of biological processes including DNA
transcription, replication, recombination, control of gene expression and genome
organization (Palecek et al. 2004). In fact, DNA-protein binding is often supercoiling
dependent, and the excess energy contained in scDNA is relieved by protein binding.
A number of DNA-protein complexes only occur because the binding is promoted by
negative supercoiling due to stabilization of writhing (Palecek et al. 2004). Recent
studies suggest a possible relation between the p53 function and the DNA topology.
Palecek and co-workers have hypothesized that the DNA supercoiling degree may
play a significant role in the complex p53-regulatory network (Palecek et al. 2004).
Similarly, plasmids present the active supercoiled structure also known as covalently
closed circular DNA (cccDNA). If one strand of this form is nicked, the supercoiling
can unravel, resulting other plasmid conformation described as open circular (oc).
Linear forms can also be generated if both strands are cleaved once at approximately
the same position (Schleef and Schmidt 2004). Both oc and linear forms may be
damaged at different gene locations randomly, which make these forms less efficient
in transferring gene expression, as exemplified for instance in a recent study on the
impact of supercoiling on the efficacy of a rabies DNA vaccine (Cupillard et al. 2005).
This is especially true if promoter or gene coding regions have been destroyed (Cherng
et al. 1999; Schleef and Schmidt 2004). These and other pDNA structures depend
on certain special characteristics within the DNA sequence, as well as supercoiling
stress or unfavourable environment conditions, like extreme pH or high temperature.
Changing the temperature has an effect on the helical repeat of the DNA, because a
temperature increase results in more thermal motion promoting a gradual unwinding
of the DNA helix (Clark 2005). As demonstrated by recent circular dichroism analysis
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(Sousa et al. 2007), supercoiled pDNA will become absolutely less supercoiled with
the temperature increased. As these conditions can contribute to an alteration in DNA
conformation, an accurate control is extremely important to guarantee the DNA stability and consequently its biological activity. Therefore, the only intact and undamaged
form is the supercoiled pDNA, and the prediction of the potential applications of this
product has motivated the development of new technologies to efficiently respond
to the increased demand for the production of large amounts of highly pure pDNA
(Manthorpe et al. 2005). For this reason, pDNA has become a very promising gene
delivery vector because it can be genetically manipulated, produced by cultivation of
plasmid harbouring Escherichia coli (E. coli) and purified in a subsequent downstream
processing event (Liu 2003; Rolland 2005).
Plasmid DNA biosynthesis
Nowadays it is well established that non-viral gene therapy requires considerable
amounts (gram scale) of pharmaceutical-grade pDNA per patient since the efficacy
and duration of gene expression is presently relatively low. Additionally, it has been
suggested that relaxed forms are less desirable for transfection than supercoiled
structure and should therefore be minimized in a gene therapy product, especially if
their potencies cannot be determined. In order to fulfil these points, the reliance on
biosynthesis for producing the desirable quantities of supercoiled pDNA isoform, for
in vitro testing and proof-of-concept preclinical trials is becoming more widespread
(Patil et al. 2005.
The manufacturing process for clinical-grade plasmid DNA vaccines encompasses
a number of key steps (Figure 1). Initially, a vector consisting of a plasmid backbone,
including typical elements, such as the origin of replication, an antibiotic resistance
gene, a stronger eukaryotic promoter and a polyadenylation signal sequence, and encoding the therapeutic gene(s) of interest, is generated. Subsequently, a bacterial cell
bank containing the plasmid is established to create a uniform inoculum for further
process development and large-scale fermentation. Specifically, any new bioreactor
system must be able to support the cultivation of cells at high density to achieve
economical plasmid production. Through optimization of the biological system,
growth environment and the growth mode, improvements can be achieved in biomass
productivity, plasmid yield, plasmid quality and manufacturing costs. Subsequently,
the cells are lysed using one of a plurality of disruption methods. As reviewed below,
these two initial unit operations are critical for the improvement plasmid quantity and
for the adjustment of the production and lysis conditions in order to guarantee pDNA
stability and biological activity.
OVERVIEW OF PRODUCTION FLOWSHEET STRATEGIES

As gene therapy and DNA vaccines advance towards approval by the Food and
Drug Administration (FDA) it is essential to devise industrial processes whereby
DNA can be economically manufactured at the gram scale or beyond (Carnes et al.
2006). Nowadays, regulatory requirements stipulate that the production of any agent
intended for use in human clinical trials, such as pDNA, must be performed under
current “Good Manufacturing Practices” (cGMP). This implies that the manufacturing
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process is fully in-control, performs as intended and includes the use of methodologies that ensure the identity, safety, purity and potency of the manufactured product.
In general, the biotechnological manufacture of pDNA is separated into two stages:
upstream processing during which pDNA is produced by cells genetically engineered
to contain the gene of interest and downstream processing during which the pDNA is
isolated and purified. The flow diagram presented in Figure 1 outlines the main steps
involved in the development of a pDNA manufacturing process. To date, most efforts
toward process development have focused on downstream processing. However, the
production and quality of a final product are also determined by upstream processing.
The features which are important for an efficient expression of a plasmid vector are
high segregational stability in order to reduce contamination and high copy number
that favours the structural form and DNA sequence (Tejeda-Mansir and Montesinos
2008). Plasmid fermentation processes ideally maximize both the volumetric yield
(mg/L) and specific yield (mg/g DCW) of high quality supercoiled plasmid since other
isoforms are difficult to remove during purification and are considered undesirable
by regulatory agencies. Specifically, high volumetric yields (parameter: biomass concentration) facilitate smaller and more economical fermentations, while high specific
yield (parameter: pDNA copy number) drastically improves plasmid purity and yield
in downstream processing.

Figure 1. Flow diagram of the processes involved in the upstream and downstream manufacture of plasmid
DNA vectors at laboratorial and industrial scales.

At the laboratory scale, production and purification of plasmids are generally viewed
as relatively easy and simple procedures. However, plasmid production under nonoptimized laboratory conditions generally leads to volumetric titers ranging from 5 to
40 mg/L (Prather et al. 2003). In the context of milligram range doses and large patient
populations, these processes and their associated productivity levels are inadequate for
economically viable plasmid production. Although a few publications mention large
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scale plasmid production processes achieving productivity levels of several hundreds
of milligrams per liter (Listner et al. 2006; Rozkov et al. 2004), which represents a
significant improvement over standard laboratory processes.
In general, plasmids are maintained in cells by exerting a selective pressure upon
an organism. For instance, a plasmid may be engineered to carry an antibiotic resistance gene or, another common method, use a mutant host that is unable to synthesize
an essential amino acid (an auxotroph) (Tejeda-Mansir and Montesinos 2008). Also,
therapeutic plasmids should be stable in their monomeric form (≥ 90%) and resistant to multimerization. It has been suggested that the formation of multimers in a
cell reduces the apparent copy number, leading to higher instability. To circumvent
this, multimerization can be controlled by inclusion of a multimer resolution system
that utilizes a site specific recombinase, or in alternative preparing the seed stocks
at low temperature in order to decrease metabolic burden in bioreactor production
(Przybylowski et al. 2007).
The choice of the bacterial host strain is another important factor to be considered
for fermentation of pDNA. Typically, DNA vaccine plasmids are manufactured using
NIH automatic exempt attenuated E. coli K12 strains such as DH5α (Carnes et al.
2006), DH5 (Listner et al. 2006), DH1 (Cooke et al. 2004), JM108, SCS1-L (Singer
et al. 2009) or DH10B (Lahijani et al. 1996). Also, BL21 (an E. coli B strain) has
recently been reported as a high yielding plasmid production host (Phue et al. 2008).
In addition it has been extensively described that for pDNA production auxotrophic
strains are suitable for growth in semi-defined media but not for production in minimal
media since they require expensive supplementation. And further, it is essential that
strains do not possess mucoid properties, since they become difficult to harvest and
foul downstream processing.
The control of plasmid copy number is essential to tune the metabolic load and to
avoid irreversibly overstraining the cell factory, which would compromise production.
Therefore, some authors have described the reduction of growth rate as a relevant
tool, in order to increase pDNA copy number and also the percentage of supercoiling
(Lin-Chao and Bremer 1986; Seo and Bailey 1985).
A common misconception is that high yields obtained with shake flask strategies
also lead to high fermentation yields. In fact, some studies demonstrated that strain
specific plasmid productivity in a shake flask is poorly predictive of fermentation
efficiency, and host performance varies between different fermentation processes.
The biological basis for this phenomenon is unknown, but it is critical that vector
changes to increase yield be driven by fermentation rather than shake flask evaluation
(Carnes and Williams 2007). For instance, DH5α has been described by Huber and
co-workers (2005) as a poorer strain in a panel of 7 hosts for production of 3 different plasmids, using LB shake flask media. The authors mentioned that DH5α lead to
1.3 mg/OD550 /L; 65% sc, DH1 3.0 mg/OD550 /L; 84% sc; while JM108 present
the highest performance (8.2 mg/OD550/L; 91% sc). By contrast, in an inducible 3042ºC semi-defined batch fermentation process, DH1 and DH5α were both registered
as high producing hosts (Carnes et al. 2006). These observations are also found for
BL21 host strains. In an extensive shake flask evaluation of plasmid specific yield
and % supercoiling in 17 hosts with three different pUC origins, BL21 (DE3) was the
poor producer due to the RecA+ gene product (Yau et al. 2008). In contrast, Phue and
co-workers reported high yields (1.9 g/L) of predominantly supercoiled plasmid in
a 30ºC to 42ºC inducible process (Phue et al. 2008). Although these batch fermenta-
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tions are usually simple and short, they have fundamental disadvantages that result
in limited pDNA yields. This is due to substrate inhibition and salt precipitation at
high nutrient concentrations. With the demands for pDNA in numerous clinical trials
approaching the 100-gram scale or greater, a shake flask fermentation, with typical
yields of 10-20 mg/L, becomes unfeasible.
A comparison of several fermentation strategies and the respective plasmid yields are
presented in Table 2. Some processes such as those described by (Huber et al. 2005) are not
comparable, since maximum specific plasmid yield occur relatively early in the process and
is lower during later biomass accumulation. As we have indicated in Table 2, lower temperatures (such as 30ºC) may be used in the batch stage of fed-batch fermentation to reduce
maximum specific growth rate and decrease plasmid copy number (Carnes et al. 2006).
This strategy combined with induction at 42ºC reduces metabolic burden and plasmid loss
during the batch phase by minimizing growth difference between plasmid-containing and
plasmid-free cells. Typically, a higher temperature (42ºC) is employed to induce selective
plasmid amplification with some replication origins such as pUC, and pMM1 (Hamann
et al. 2000). Also, alternative strategies have been developed to reduce plasmid mediated
metabolic stress, to alleviate growth rate inhibition at 37ºC. For example, engineering a
strain to overproduce intermediaries of the pentose-phosphate pathway (required for plasmid
replication) by overexpression of glucose-6-phosphate dehydrogenase has partially alleviated plasmid mediated growth rate reduction (Flores et al. 2004). As we can see in Table
2, three fed-batch processes have recently been described providing more than 500 mg/L
plasmid yields. Specifically, patent work from Merck Ltd. has described highly productive clonal subtypes cultivated by a fed-batch fermentation process in chemically defined
medium that lead to maximum specific yields of 30-32 mg pDNA/g DCW achieved with
feed rates from 8-12 g/L/h (Chartrain et al. 2005). In addition other patents have disclosed
fed-batch fermentation, in which plasmid-containing E. coli cells are grown at a reduced
temperature during part of the fed-batch phase, followed by a temperature up-shift in order
to accumulate pDNA (Carnes and Williams 2006).
Table 2. Plasmid specific yields from several fermentation strategies
Fermentation Process
SD - 30ºC growth 42ºC
induction

Volumetric plasmid Specific plasmid yield Reference
yield (mg/L)
(mg/gDCW)
2220
51
Carnes et al. 2006

SD – 30ºC growth 42ºC
induction

1923

10

Phue et al. 2008

D – 37ºC throughout

1600

39

Listner et al. 2006

200-1300

30-32

Chartrain et al.
2005

1500-2100

43

Carnes and
Williams 2006

1020

22

Carnes 2007

D - 37ºC growth mode
FB 60% glycerol constant
8.0g/L/h
SD - 37ºC growth mode
FB exponential C limiting
SD - 30ºC to 42ºC, two
stages C

SD- Semidefined medium; D- Defined medium; FB- Fed-Batch; C-Continuous; DCW- Dry
Cell Weight
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A number of recent reports have discussed the fermentation strategies focused on
production of plasmid, but have not addressed the effect of fermentation conditions
on the quality of the resulting pDNA. The fermentation processes require a balanced
medium that supplies adequate amounts of nutrients needed for energy, biomass and
cell maintenance. In particular, media for plasmid production should support high
nucleotide pools in cells and supply energy for replication while minimizing other
cell activity (Wolff et al. 1990). Typically, the nutritional requirements are satisfied
by a minimal (defined) media, a semi-defined media or a complex media. Specifically,
fermentation processes using minimal media are highly reproducible and plasmid
copy number may even be higher when using these conditions. In semi-defined
media a decrease in reproducibility is not necessarily a problem for plasmid production; however, reliable sources should be used to prevent too much variability over
time. Otherwise, culture media containing complex components underlies normal
deviations that make the cultivation process less reproducible and problems with
contaminant removal in downstream processing. In accordance with a recent study,
it has been surprisingly found that rather high magnesium salt concentrations such
as 80 mM - preferably of magnesium sulphate - yield excellent results with regard to
the homogeneity of the sc plasmid monomers (Schmidt et al. 2002). Previous studies have also investigated the effect of the rheology of medium fermentation on the
characteristics of sc pDNA obtained during the lysis step. A semi-defined medium
containing casamino acids (SDCAS) for eaxmple was found to support higher plasmid
stability in contrast to a similar medium containing soya amino acids (SDSOY) or
LB. Specifically, differences were observed in the cell harvest characteristics, pDNA
primary recovery, pDNA yield and quality between cells grown on LB and on SDCAS
medium (O’Kennedy et al. 2000).
Normally, the effects of the components in a medium on cell growth and plasmid
production should be evaluated to solve the trade-off between higher copy number
and reduced growth rate. Acetate accumulation is also a major concern for medium
design and high density fermentation of recombinant E.coli because it inhibits cell
growth and protein expression (Xu et al. 2005). Nevertheless, sometimes acetate addition improves pDNA yield in the experimental system. This suggests that low rates
lead to high specific pDNA yield provided the cell growth is not seriously inhibited
by acetate (Xu et al. 2005). The use of reduced growth rate is the unifying principle
in high quality, high yield plasmid fermentations. Indeed, high growth rates have
been associated with acetate production, plasmid instability, and lower percentages
of supercoiled plasmid. A reduced growth rate alleviates growth rate-dependent
plasmid instability by providing time for plasmid replication to be synchronized
properly with cell division (Tejeda-Mansir and Montesinos 2008). Specifically, in
the production of larger plasmids, fed-batch cultures are grown to lower cell densities (40-80) because slower growth rates are often required for optimal production.
Yields can be much lower (75-100 mg/L), but are 50-80 times higher than what is
achieved in batch fermentation.
Without question, fed-batch fermentation is especially useful for plasmid production since higher biomass yields are obtained since substrate can be supplied at a rate
such that it is nearly completely consumed, never reaching inhibitory concentrations
(Carnes and Williams 2007). A feedback control nutrient feeding strategy based on
pH and dissolved oxygen (DO) has also been used to regulate the cell growth rate
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by controlling the interactivity of the nutrient feed rate, pH and DO. This process
increased the total yield of pDNA by approximately 4 fold as compared to batch
fermentation (Wolff et al. 1990).
One of the simplest and most effective feeding strategies is exponential feeding.
The fermentation begins with a batch mode where the cells are grown at maximum
specific growth (µmax) until the substrate is exhausted, at which point the nutrient
feeding begins. As an alternative at the industrial level, feeding strategies are either
feedback controlled (e.g. DO-stat, pH stat, metabolic activity, biomass and substrate
concentration), or predetermined (e.g. constant, linear, stepwise, or exponential
feeding). Recently a growth-controlled fed-batch process was proposed for plasmid
production and yielded up to 250 mg/L of pDNA (O’Mahony et al. 2007).
In general, pDNA supercoiling is known to be affected by oxygen (Passarinha et
al. 2006) and temperature. Indeed, a single drop in dissolved oxygen concentration
down to 5% of air saturation has been found to lead to a rapid loss in plasmid stability
(Carnes 2007). The optimal temperature for E. coli growth is 37ºC, although lower
temperatures (30-37ºC) may be used in batch fermentation to cause a reduced maximum specific growth rate. Wherein, plasmid production is maintained at a low level to
avoid retardation of growth. Batch fermentation at 30ºC using glycerol will typically
result in a µmax ≤0.3 h-1, which is sufficient to prevent deleterious acetate accumulation
and growth rate associated plasmid instability (Thatcher et al. 1997).
PRIMARY ISOLATION

Currently, the impact of the engineering environment on the bacterial cell suspension
prior to the lysis step must be considered as a pertinent aspect in the implementation
of a suitable pDNA bioprocess. Although bacterial lysis is commonly considered a
disconnected step in plasmid biosynthesis, process intensification would benefit from
an integration of production with the capture of the bacteria. The main options for
harvesting large volumes of culture are continuous centrifugation or microfiltration
(Kong et al. 2008). Previous studies have shown that E. coli cells harvested with an
intermittent-discharge, continuous flow disc-stack centrifuge are subjected to stresses
that are sufficiently high to cause lysis, especially if cells grown in a defined medium
(Chan et al. 2006). Typically, the centrifugation method used had a strong influence
on sc pDNA yield and enhances in productivity could be obtained by an integrated
approach between fermentation and centrifugation conditions. In fact, Kong and coworkers (2008) have shown that E. coli cells harvested using a solid-bowl centrifuge
followed by ressuspension in TE buffer for not more than 2 h and at temperatures
lower than 13ºC gave the highest sc pDNA yields (Kong et al. 2008).
Over the last three decades or so, a concerted effort has been devoted to lysis and
further recovery of pDNA in order to maximize the purity at harvest. Typically, most
current plasmid disruption schemes adopt a variant of the alkaline lysis protocol originally proposed by Birnboim and Doly (1979) and adapted by Lahijani and co-workers
(1996) to release the pDNA from the bacteria. In this type of protocol, disruption is
achieved by high pH in the presence of a detergent (e.g., 0.2 M NaOH / 1% SDS).
Cellular debris, gDNA and proteins are precipitated by addition of potassium acetate at
pH 5.0, and finally the pDNA is recovered by precipitation with alcohol (isopropanol or
ethanol). This method has received great attention in that it offers concurrent removal
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of host cell genomic DNA and proteins by denaturation and selective precipitation of
their denatured forms, although the final lysate tends to contain significant amounts
of proteins, RNA and endotoxins, which has subsequently to be removed in the
subsequent downstream process. Also, this approach requires mixing optimization
because the lysates are viscous and shearing of gDNA must be avoided.
Heat lysis has been suggested as an alternative for plasmid release, starting with the
boiling method originally proposed by Holmes and Quigley (1981). Specifically, this
method avoids the denaturing/renaturing cycle of the pDNA inherent to alkaline lysis.
Despite this, heating however may serve to deactivate potentially harmful impurities
such as DNases – on the other hand the process may also damage the target product.
Although the boiling lysis can release more plasmids than that from the alkaline lysis,
the yield and purity of the plasmid is inconsistent and the difficult operation makes
this method undesirable even for research scale preparation. As in alkaline lysis, the
pDNA must be further purified, concentrated, and subjected to polishing steps based
on extraction, chromatography or isopycnic centrifugation (Prazeres and Ferreira
2004). Also, high-pressure homogenizers are used to continuously disrupt cells.
However, this strategy can result in the degradation of pDNA caused by severe shear
stress, leading to gDNA fragments with similar sizes as the target pDNA (Clemson
and Kelly 2003). Despite these effects, glucose and sucrose are often included in the
relevant buffers in order to protect plasmids against shearing.
As described below, the lysis step is seen as one of the most critical operations in
large-scale pDNA processing, as it becomes more complex to engineer with increasing scale where some inherent problems remain to be solved (Hoare et al. 2005).
Firstly, for an efficient alkaline lysis, it is necessary to achieve rapid mixing (local
pH extremes above 12.5 will irreversibly damage most plasmids) of several buffers as
well as rapid changes of the temperature. Secondly, the salt and organic solvents used
in the alkaline method have to be removed and discarded afterwards, a problem that
will increase with the scale of operation. Finally, the gelatinous precipitate containing
cell debris and impurities which is moderately shear-sensitive is typically removed
by high-speed centrifugation (Feliciello and Chinali 1993), but a unit operation extremely difficult to scale up. The application of filtration may be used as alternative
but at large scale has been described to entail considerable loss in pDNA even when
fine filtering agents or additional flotation steps have been used, especially in the
presence of divalent cations. For these reasons, alkaline lysis becomes increasingly
difficult to control, suffers from lack of reproducibility and may involve significant
loss of plasmid (Prazeres et al. 1999).
In addition, the large-scale potential of heat lysis has been investigated by Lee and
Sagar (1999). In fact, the method proposed by those authors is extremely attractive
since it avoids the accompanying denaturation and renaturation of the pDNA. Nevertheless, the requirement to remove the fragile precipitate remains a challenge and an
additional microfiltration step is required to obtain a clear lysate. As an alternative,
Hilbrig and co-workers (2004) have proposed an integrated method for cell capture
and heat lysis where the biomass is harvested by filtration in the presence of a filter
aid. The great advantage with this is that no detergent and no further clarification is
deemed necessary. This procedure was subsequently improved by O’Mahony and coworkers (2005), where the lysis takes place in situ on the filter cake, which allowed
an easy integration and heat disruption at acid pH. Under these circumstances, it
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becomes possible not only to obtain directly a clear lysate, but also to pre-purify the
pDNA to a significant degree.
Nowadays the development of continuous lysis procedures (Zhu et al. 2005) have
been emerging, which includes the use of a flow-through cell harvest procedure
employing a continuous thermal treatment, minimizing the number of centrifugation steps, and providing a scalable, efficient and cost-effective plasmid-preparation
system. Due to its flow-through design and consistency from batch to batch, this
protocol can be easily scaled-up and can lead to higher yields of pDNA due to three
main factors: (i) lysis buffer, (ii) temperature and (iii) the cycle time. Indeed, the
characteristics of pDNA obtained from the continuous thermal lysis were shown to
be nearly identical to those from the conventional alkaline lysis, a finding confirmed
not only by enzyme digestions, cloning and transfection, but also by their expression
in eukaryotic cells.
After lysis, the clarification and concentration steps are designed to remove host
proteins and nucleic acids, and reduce further the volume of the process stream prior
to chromatography. Capture has been accomplished by alcohol precipitation followed
by chloroform or phenol purification. Neither of these procedures is desirable for the
treatment of large commercial-scale volumes of lysate while that are not recommended
for the manufacture of pharmaceutical-grade pDNA. Normally, after isopropyl alcohol
precipitation and centrifugation the DNA is contaminated with RNA, however by using
hollow fiber membranes, the pDNA is concentrated while RNA is filtered through.
Additionally with several washes of 70% of ethanol, the plasmid products contain
significantly less contaminated RNA. As a result, more efficient RNA removal steps
upstream of the chromatography stage are required.
In general, filtration technology is not normally regarded as a separation tool in
plasmid purification and is often considered only for clarification and sterilization.
However, some studies (Eon-Duval et al. 2003) have shown that by combining the
precipitating effect of calcium chloride salt on high-molecular weight RNA with the
clearance of low-molecular-weight RNA by tangential flow filtration (TFF), it is possible to reduce RNA to undetectable levels. Despite these promising results, plasmid
size and degree of supercoiling may affect the performance of TFF and therefore
conditions may have to be reassessed individually for each plasmid.
Preparative-scale purification of plasmid DNA has been attempted by diverse
methods, including precipitation with solvents, salts and detergents. Despite these
improvements, chromatography is seen as the most suitable downstream processing
method for plasmid DNA. Indeed, during the last years this technique is described
as an established, scalable technology with a proven track record in pharmaceutical
production (Przybylowski et al. 2007).
Chromatographic perspectives enhancing pDNA purification
Recent advances in biotechnological areas have led to the investigation and implementation of new technologies for the production of complex biomolecules, which
have the potential to assist human health care. The evaluation of the global process
attributes a significant relevance to the downstream operations, being considered one
of the most important and expensive steps. Although precipitation and ultrafiltration
techniques may be involved in the isolation process and aqueous two-phase systems
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(Barbosa et al. 2008) have been applied in the purification step, liquid chromatography
is undoubtedly the most widely used technique.
The development of any plasmid purification strategy must first consider the complex origin of the plasmid-containing extract, since the cell components (gDNA, RNA,
proteins and endotoxins) also released during the lysis are regarded as contaminants.
A prerequisite for the therapeutic application of pDNA is the final recovery of a highly
purified, homogeneous preparation of sc pDNA (>97%), to conform with the strict
guidelines established by regulatory agencies (Stadler et al. 2004). Generally, the Food
and Drug Administration (FDA) and the European Agency for the Evaluation of Medical Products (EMEA) recommend that the final pDNA therapeutic product should be
free from host genomic DNA (<2 µg/mg pDNA), host proteins (<3 µg/mg pDNA),
RNA (<0.2 µg/mg pDNA) and endotoxins (<10 EU/mg pDNA) (Stadler et al. 2004).
The relevant approaches used therefore require a clearly adjusted quality assurance in
pDNA manufacturing (Schleef and Schmidt 2004). Therefore, several chromatographic
methodologies, such as size-exclusion, ion-exchange, hydrophobic interaction, and affinity have already been applied, either as an isolated step or integrated into an overall
purification process (Table 3). Some difficulties are commonly encountered during pDNA
purification, mainly due to the physicochemical similarity found between pDNA and the
contaminants that are negatively charged and present similar size and hydrophobicity
(Stadler et al. 2004). These issues represent a significant constraint for the purification
of pDNA and explains the requirement for more than one chromatographic step to purify
this product to the desired level.
Hence, the purification of pDNA by chromatography using conventional chromatographic media faces some limitations, not only related to the characteristics of the
molecules involved, pDNA and impurities, but also related with the limitations of
available stationary phases, mainly because of their low capacity to bind large biomolecules, such as pDNA (Diogo et al. 2005; Jungbauer and Hahn 2008). For instance,
in the purification of pDNA it has to be considered that the hydrodynamic radius of a
pDNA is larger than that of an average protein, and has very low diffusivity (Jungbauer
and Hahn 2008). Furthermore, for packed columns with soft chromatographic beads,
scale-up is limited by mechanical factors, such as bed instability and mass transfer
problems. These shortcomings lead to the recent development of monoliths intended
for industrial application (Jungbauer and Hahn 2008). This support consists of a single
piece of a porous material, and the main reasons for the increased interest in such supports are the low back pressures associated that permit their use at high flow rates and
the rapid mass transfer properties (Jungbauer and Hahn 2004). These characteristics
can facilitate fast separations, short analysis times and a decreasing band broadening
making efficient chromatographic separations (Mallik and Hage 2006). In fact, the application of monolithic columns to purify pDNA is an emerging area and can represent
some technical advantages, because this large macromolecule presents very different
biophysical properties than proteins. Together with monoliths (Bencina et al. 2004;
Branovic et al. 2004; Jungbauer and Hahn 2004; Urthaler et al. 2005), other new supports have been developed to overcome the diffusion limitation as well as to improve
the binding capacity of the support for the target molecules. Such superporous supports
(Gustavsson et al. 1999; Tiainen et al. 2007b), and adsorptive membranes (Giovannini
et al. 1998; Teeters et al. 2003) are advanced approaches that have been shown to be
able to partially solve the problems associated with low capacity.
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The challenges associated with efficient plasmid purification are based on an ongoing
desire for the improvement or establishment of novel purification schemes, and with
regards to the recovery of the DNA product to suitable degree purity acceptable for
therapeutic application. The decision to use one or more chromatographic steps with
contrasting selectivity is determined by the nature and distribution of the residual impurities and contaminants (Table 3), as well as by the anticipated plasmid dosage.
Table 3. Comparison of main applications of different published chromatographic
techniques to purify pDNA
Chromatographic
support
Superose 6 prep
grade

Application

Resolution of high molecular weight
nucleic acids (gDNA and pDNA)
from smaller molecules
Sephacryl S1000 SF Reduction of the contamination of
pDNA with gDNA and RNA, using
high salt concentration
Ion
Q-Sepharose Big
Separation of pDNA from gDNA
Exchange Beads
and RNA, with a prior clarification
of the sample
Q-Sepharose
Isolation of sc plasmid from low
molecular weight RNA, gDNA and
other plasmid forms
Fractogel DEAE
pDNA purification without
RNAse application, using a prior
precipitation and TFF
HIC
Non-porous packing Separation of oc and sc pDNA
(TSKgel Butyl-NPR) isoforms

Gel
Filtration

Affinity

Reference
Ferreira et al.
1997
Li et al. 2007

Ferreira et al.
1999
Prazeres et al.
1998
Eon-Duval and
Burke 2004
Iuliano et al. 2002

Sepharose-gel
derivatized with
1,4-butanedioldiglycidylether
Biporous support
Phenyl-based matrix

Separation of pDNA from gDNA,
RNA, proteins

Superporous crosslinked cellulose –
HIC CELBEADS
IMAC matrices

Separation of pDNA from gDNA,
RNA, proteins

Deshmukh and
Lali 2005

Isolation of pDNA and gDNA from
RNA, endotoxins and plasmid
denatured forms

THAC matrices

Protein-based
matrices

Isolation of pDNA;
Reduction of RNA and gDNA
contamination
Isolation of pDNA;
Elimination of RNA and proteins

Amino acids-based
matrices

Purification of sc pDNA from
clarified E. coli lysates

Murphy et al.
2003b ; Cano et
al. 2005 ; Tan et
al. 2007
Wils et al. 1997
Schluep and
Cooney 1998
Woodgate et al.
2002 ; Darby et al.
2007
Sousa et al. 2005;
2006; 2008a;
2009c

Diogo et al. 2000;
2001a; 2001b

Separation of pDNA from RNA and Li et al. 200)
proteins
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SIZE-EXCLUSION CHROMATOGRAPHY

The application of size-exclusion chromatography (SEC) for nucleic acids purification is facilitated by the fact that the high molecular weight gDNA or pDNA macromolecules elute close to the exclusion limit of the matrix, whilst the low molecular
weight impurities (RNA, proteins, endotoxins) show much greater retention by the
column matrices. Supercoiling also reduces the hydrodynamic radius of the pDNA.
By exploiting this concept and by selecting a SEC support with appropriate selectivity,
it is possible to fractionate the different DNA molecules, with baseline separations
of RNA, endotoxins and proteins. SEC has the additional advantage of enabling the
process buffer to be exchanged for a formulation or storage buffer (Horn et al. 1995),
ensuring rigorous process control over small amounts of contaminants introduced
during the process.
It is worth noting that up to the 1990’s, SEC experiments had not been able to yield
significant results in pDNA purification trials, due to the lack of stationary phases
adequate for the separation of nucleic acids with high molecular mass and complex
conformation (Bywater et al. 1983; Micard et al. 1985). This situation was however
changed with the introduction of rigid and highly porous composite polyacrylamide/
dextran stationary phases.
Sephacryl S-1000 (Amersham Biosciences) is one of the stationary phases most
widely used in the SEC of pDNA (Bywater et al. 1983). This stationary phase presents
an exclusion limit of 20 kbp for linear DNA and is reported to be simple, inexpensive
and reproducible, yielding milligram amounts of highly pure sc pDNA from partially
purified E. coli lysate (Diogo et al. 2005). In Sephacryl S-1000, the fractionation
of the isoforms was found to be dependent on the molecular weight of the pDNA.
Specifically, with small pDNA (4.4 Kbp) the isoforms partially overlap, whereas for
sizes above 10 Kbp the separation is complete (Vo-Quang et al. 1985). Alternatively
in the case of lysates extensively contaminated with RNA, some overlapping can occur between the DNA and RNA peaks with a consequent decrease in yield (Raymond
et al. 1988). Typically, chromatographic trials in these supports are lengthy and up
to 200-300 min may be necessary to complete a run. Although a pDNA trial was
complete in 45 min, isoform separation was found to be poor.
Another widely used SEC media for pDNA purification is Superose 6B. Typically,
this support has a much lower size-exclusion limit for DNA (450 bp), more resistance
to pressure and pDNA elution can be achieved in only 20 min (Vo-Quang et al. 1985).
Occasionally, the performance of Superose 6 can be superior to Sephacryl S-1000 while
better process yields were obtained with higher flow rates. In spite of these advantages,
preliminary treatments of the lysate with RNase are essential and the separation of
gDNA and non-sc isoforms is still difficult to accomplish with this support. Indeed,
the discrepancy in pore diameter between these support media would also appear to
make Sephacryl S-1000 a better choice for resolving intact gDNA from pDNA.
Recently, the selectivity for pDNA versus RNA has been drastically increased by
combining the use of Sepharose 6 Fast Flow with an elution buffer using a high ammonium sulphate concentrations (≥ 1.5 M). This results in more than one-third of
the column volume being able to be loaded per run, resulting in an unusually high
productivity for a typical SEC step (Stadler et al. 2004). As for the case of Sephacryl
S-1000, the Fractogel TSK from Merck has been claimed to separate sc pDNA
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from impurities and other pDNA isoforms: nevertheless the method is highly timeconsuming and some overlapping (sc and oc forms) has been found to be higher for
a larger pDNA such as 26.5 Kbp (Diogo et al. 2005).
In an SEC step, a judicious choice of the target fractions has to be performed in order
to enable the recovery of almost-pure supercoiled plasmid. Indeed, inherent limitations
in this chromatographic step (e.g. lower capacities and higher dilution factors) results
in loss of pDNA owing to detection limitations. In light of this brief description, SEC
is viewed essentially as an adjuvant step in the downstream processing of pDNA.
ANION-EXCHANGE CHROMATOGRAPHY

Anion-exchange remains the most popular chromatography technique as it offers
the advantages of rapid separation, no solvent requirement, sanitisation with sodium
hydroxide and wide selection of industrial media. In particular, plasmid purification
by anion-exchange chromatography (AEC) takes advantage of the polyanionic nature
of DNA, due to the presence of phosphate groups on the nucleic acid backbone and
is therefore, conveniently captured on a resin derivatised with positively charged
functional groups. Over the last few years, a considerable number of anion-exchange
adsorbents have been constructed, employing non-porous silica fibers (e.g. polymeric
amines poly-ethyleneimine or chitosan) (Tiainen et al. 2007c), and have been examined with the aim of evaluating the factors that influence desorption and recovery of
pDNA. Classically, the ideal AEC support should not be based on primary amines
but on tertiary or quaternary amines (Tiainen et al. 2007a). For instance, although
the poly(ethyleneimine) matrix has been shown to promote pDNA retention very
efficiently, the interaction is unfortunately irreversible (Tiainen et al. 2007a). An
explanation is the existence of hard-binding primary amine ligands or the presence of
the highly charged plasmids that will dislocate the pKa of the ligand amines, making
the ligand retain its charge also at pH values high above the pKa for the free ligand.
Overall, AEC as a tool for the preparation of pharmaceutical-grade pDNA unfortunately suffers from several drawbacks. Specifically, the loading of crude lysate
containing large amounts of impurities directly onto an anion-exchanger is not
recommended and primary purification involving precipitation or filtration steps is
really essential (Eon-Duval and Burke 2004). Also, the low capacity for plasmid of
most commercial chromatography media is also a concern for large-scale production.
Even so, this setback could be tackled by adding surface-extenders or using largepore supports based on polystyrene (Levy et al. 2000) and agarose (i.e., superporous
agarose beads) (Tiainen et al. 2007b).
In general, this stage can be ideal for removing RNA, oligoribonucleotides and some
proteins, but other polyanionic molecules with a similar chemical composition and
structure (gDNA and RNA) (Sofer and Hager), or charge, such as endotoxins (Wicks
et al. 1995), may co-purify with pDNA because of their similar binding affinities.
Therefore, during the last two decades, several protocols for both packed (Chandra
et al. 1992) and expanded bed operations (Theodossiou et al. 2001; Thwaites et al.
2002) have been developed. Despite these efforts, the incorporation of AEC in a global
purification flow sheet will be more difficult to accomplish with plasmids (usually
large ones) that have sizes closer to those of gDNA fragments. Indeed, some authors
have reported recoveries below 5% when exploring anion-exchange poly(p-chlo-
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romethylstyrene) beads (Unsal et al. 2000) or acute difficulties in removing adsorbed
DNA from anion-exchange expanded-bed matrices (Theodossiou and Thomas 2002).
Moreover, the resolution of pDNA from high molecular weight RNA molecules by
AEC is insufficient (Chandra et al. 1992). In fact, the supercoiled conformation of
plasmids can reduce the overall charge density and may be responsible for early coelution (Eon-Duval and Burke 2004). This problem can be solved by the addition of
RNase. However, the incorporation of extraneous enzymes from e.g. bovine sources
imposes serious validation problems in the large-scale purification of gene vectors.
Several authors have claimed that AEC may be considered for large-scale processing
only if the capacity for plasmid is sufficient. For instance, a typical anion-exchanger
capacity of 40-200 µg/mL (Prazeres et al. 1999) is well below that for globular
proteins (up to ≥ 100 mg/mL) and is a challenge for scale-up. Curiously, Eon-Duval
and Burke (2004) have found that the dynamic capacity for plasmid can be increased
significantly by using a suitable salt concentration in the load, while preventing the
binding of RNA to the adsorbent (Eon-Duval and Burke 2004). The breakthrough
experiments showed that Q Sepharose FF had a low capacity (≤ 1 mg/ml) when
compared with Q ceramic HyperD F (≥ 5.3 mg/ml) (Eon-Duval and Burke 2004). In
the case of Q Sepharose FF, binding is achieved mostly through the interaction with
functional groups on the surface on the beads resulting in low capacity, whereas with
Q Ceramic HyperD F the plasmids not only bind to the hydrogel coating the surface
of the particle, but also to the hydrogel filling the pores. Alternatively, with the Fractogel DEAE support (Eon-Duval and Burke 2004), high selectivity and capacity has
been achieved and within a wider range of loading salt concentration, high recovery,
robustness and reproducibility.
It has been convincingly shown by confocal microscopy (Ljunglof et al. 1999)
that separation of pDNA by porous chromatography media is not efficient, i.e. the
macromolecules tend to be too large to diffuse into the pores and hence bind as an
outer layer only. Gustavsson and co-workers (2004) have taken advantage of this
drawback and introduced a flow-through purification protocol for pDNA on AEC
with a non-charged outer surface. This new type of chromatography matrix combines
size exclusion and anion-exchange principle. In comparison to SEC this method
has a much higher volumetric capacity and delivers the plasmids in a concentrated
form (Gustavsson et al. 2004). Indeed, this strategy is referred as a great promise as
single-unit primary recovery step for the purification and concentration of pDNA
from clarified alkaline lysates.
Recently, some supports have been developed to possess a very wide macropore
structure that provides convective flow inside the pores. Therefore, diffusion by
mass transfer is controlled and plasmids are transported into the interior of the beads
by convective flow. Up until now, convection-aided monolithic supports, such as
polymethacrylate-based media, have been claimed to be very effective and efficient
for pDNA separations (Urthaler et al. 2005). The great advantage is the high recovery of pDNA, which is usually above 95% and a satisfactory high dynamic binding
capacity. Indeed, DEAE-charged monoliths with 1.5 µm pores have given a plasmid
binding capacity of 8 mg/mL (Urthaler et al. 2005). Other efficient matrices such as
flow-pore-equipped beads, membranes (Teeters et al. 2003) and small-size particles
(Jungbauer and Hahn 2004) have structures that ensure an excellent availability for
plasmid isolation trials. In the case of small-size particles, a column packed with 10
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µm beads will provide a ten times greater surface area than a column with 100 µm
beads. Indeed, 15 µm anion-exchange beads gave capacities in the range of 2 mg/
mL (Levy et al. 2000). Alternatively, membrane adsorbents (Teeters et al. 2003) and
polystyrene-based Poros 50 HQ show an excellent plasmid binding capacity, in the
region of 10 mg/mL. Also, the smaller diameter superporous agarose beads have
been found to have four to five times higher plasmid binding capacity than the corresponding homogeneous agarose beads (Tiainen et al. 2007b). Some studies have
demonstrated that, in spite of the lower capacity of superporous quaternary aminesubstituted beads in comparison with superporous poly(ethyleneimine)-substituted
beads, the plasmid recovery can be highly satisfactory and in the range of 70-100%
(Tiainen et al. 2007b).
As reviewed above, large-scale purification of pDNA by monolithic and superporous AEC takes advantages of good flow properties, plasmid binding capacity and
plasmid recovery. Nevertheless, the mechanism of pDNA separation using these new
supports is still not totally understood because of contradictory experimental data.
This knowledge can nonetheless bring new future ingights for the identification of
anion-exchange adsorbents with suitable characteristics for the large-scale downstream
of pharmaceutical-grade pDNA.
HYDROPHOBIC INTERACTION CHROMATOGRAPHY

Hydrophobic interaction chromatography (HIC) is a well established bioseparation
technique at laboratory, preparative and industrial scales (Gustavsson et al. 1999;
Xiao et al. 2007). HIC takes advantage of biomolecular hydrophobicity and promoting
separation on the basis of hydrophobic interactions between immobilized hydrophobic ligands and non-polar regions on biomolecules (Queiroz et al. 2001). Retention
occurs at high salt concentrations, driven mainly by a displacement of ordered water
molecules around the biomolecules and the ligands which leads to an increase in
entropy (Gustavsson et al. 1999) and in attraction to non-polar groups on a stationary
phase. The requirement for high salt concentration is often viewed as a disadvantage,
especially regarding the industrial application of this method, because the use of salt
may not be convenient due to the associated costs and the environmental impact.
Elution is achieved by decreasing the salt concentration of the mobile phase, which
weakens the hydrophobic interactions (Jungbauer et al. 2005; Queiroz et al. 2001; Xiao
et al. 2007). This technique is often used because, despite the complex mechanism
involved in the interaction, the structural damage to the biomolecules is minimal and
their biological activity is maintained using HIC, due to weaker interaction than ionexchange or reversed-phase chromatography (Queiroz et al. 2001). Thus, HIC can
provide purification based on hydrophobicity with minimal solvent requirements and
with the potential of minimal product degradation (Xiao et al. 2007). Temperature, pH,
and salts can have a significant impact on HIC retention and selectivity (Jungbauer et
al. 2005; Xiao et al. 2007), and hence, by selecting and optimizing such conditions,
biomolecules can be efficiently separated.
In the particular case of nucleic acids, HIC has become an important new separation modality for the isolation of pDNA. In this way, by exploiting the differences
in hydrophobicity of pDNA, single-stranded nucleic acid species and endotoxins,
HIC can be applied in pDNA purification (Diogo et al. 2001a; Iuliano et al. 2002).
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The major factors affecting the retention of nucleic acids on HIC are their size, base
composition and structure (Ferreira et al. 2000). Experiments carried out with an
agarose-based support derivatized with a mildly hydrophobic ligand have proven
that is possible to separate native pDNA from the more hydrophobic nucleic acid
impurities (RNA, gDNA, oligonucleotides, denatured pDNA) (Diogo et al. 1999;
Diogo et al. 2001a). By using a high ammonium sulphate concentration, it was found
that pDNA elutes immediately, whilst impurities remained more retained, eluting
later by decreasing the salt concentration. This behaviour was explained by the fact
that pDNA molecules have their hydrophobic bases packed inside the double helix,
and thus the hydrophobic interaction with the support is minimal. On the other hand,
single stranded nucleic acid impurities show a higher exposure of the hydrophobic
bases, and interact with the hydrophobic ligands (Diogo et al. 2001a). In accordance
with the relation to base composition, partial denaturation of the double-helix at ATrich locations, forming single-stranded regions within the molecule, also leads to the
exposure of the bases to the ligands and thus to an increase in hydrophobic interaction
strength (Ferreira et al. 2000).
Hydrophobic interaction chromatography has already been applied to the purification of a cystic fibrosis gene therapy vector (pCF1-CFTR) of clinical grade (Diogo et
al. 2000) and a pDNA vaccine against rabies (Diogo et al. 2001b). Biological activity
studies and protection experiments performed in mice with the vaccine have shown
that the experimental vaccine displays immunogenic activity and potency similar to,
or higher than that of the vaccine prepared with a commercial kit (Diogo et al. 2001b).
Based on the same mechanism, hydrophobic interaction HPLC methods have also
been developed for the quantification of pDNA and assessment of its purity in process
streams (Diogo et al. 2003; Iuliano et al. 2002). As an example, the development of
an HPLC technique based on HIC with a non-porous packing (Iuliano et al. 2002)
has allowed the quantification of open circular and supercoiled plasmid isoforms for
plasmids with different sizes.
The immobilization of hydrophobic ligands to a biporous medium has recently
been shown to purify pDNA by HIC (Li et al. 2005). In this study, the authors referred to the structure of the biporous matrix, which allows convective flow of mobile
phase through the pores, leading to an enhanced intraparticle mass transport (Li et
al. 2005). The performance of superporous agarose beads has also been evaluated in
hydrophobic interaction chromatography applications (Gustavsson et al. 1999) with
regard to improvement of resolution and capacity of supports for application on either
a preparative or analytical scale. Deshmukh and Lali (2005) have also described the
development of a scalable adsorptive separation technology, using rigid cross-linked
cellulose beads for single step purification of pDNA from cell lysates, exploiting a
combination of factors like hydrophobicity and macroporosity of adsorbent matrix
CELBEADS (Deshmukh and Lali 2005). All the improvements of this chromatographic technique have made possible not only the implementation of several efficient
purification processes, but also the establishment of crucial analytical methods to
monitor and control pDNA quality.
AFFINITY CHROMATOGRAPHY

Affinity chromatography (AC) is one of the most versatile and adaptable types of
liquid chromatography, since it is the only technique that uses a specific binding agent
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to purify a biomolecule on the basis of its biological function or individual chemical
structure (Schiel et al. 2006). Although the early affinity definition was related to the
interactions similar to that occurring in many biological systems, such as the binding of
an enzyme with a substrate or of an antibody with an antigen (Schiel et al. 2006), the
meaning of the affinity concept, in the biomolecules separation context, has undergone
evolutionary changes over the years, especially as a way to answer to the challenges
of purifying new biomolecules with clinical and therapeutic interest.
Undoubtedly, the properties of pDNA molecules, their particularities, and the sensitivity of their structures to changes in physical and chemical environmental conditions
will determine the interaction with a particular chromatographic support. One of the
most important concerns when working on purification of pDNA is the adjustment of
all working conditions to improve the performance of the biotechnological strategy,
whilst at the same time always guaranteeing the structural and functional stability of
pDNA. Furthermore, a key factor for achieving successful pDNA purification by affinity chromatography is the selection of the ligand used within the column. Since its
discovery, affinity chromatography has grown to include a wide variety of ligands for
analytical and preparative applications (Schiel et al. 2006). However, the biological
origin of some affinity ligands is viewed as a limitation (Lowe et al. 2001), since these
ligands tend to be fragile and associated with low binding capacity. For this reason,
the design of synthetic ligands, which would combine the selectivity of natural ligands
with the high capacity and durability of synthetic systems, is an emerging area (Lowe
et al. 2001) for improving AC.
The specific interactions occurring between ligand and target molecules can be the
result of either electrostatic and/or hydrophobic interactions, van der Waals’ forces
and hydrogen bonding. As a consequence of this diversity of possible interactions,
the elution step can be performed specifically, using a competitive ligand, or nonspecifically, by changing the pH, ionic strength or polarity, depending on the matrix
and the chemical characteristics of biomolecules. The specific nature of the underlying
interactions is a major advantage of AC, since it results in a high selectivity and high
resolution (Platonova and Tennikova 2005). Overall, in a single step, affinity purification can offer immense advantages over other less selective and time-consuming
multi-step procedures. Different types of AC, such as immobilised metal ion-affinity
chromatography (IMAC), triple-helix affinity chromatography (THAC), protein-DNA
affinity chromatography and amino acid-DNA affinity chromatography have been
employed for the purification of pDNA.
Several research groups have recently attempted to isolate nucleic acids molecules
and to purify pDNA exploiting IMAC technology. It has been reported that IMAC
matrices were able to selectively adsorb single-stranded nucleic acids through metal
ion interactions with aromatic base nitrogens (Murphy et al. 2003a), whereas oligonucleotide duplexes, pDNA and gDNA showed low IMAC binding affinity (Murphy
et al. 2003a). The feasibility of using IMAC for the purification of pDNA directly
from an alkaline cell lysate was also reported (Tan et al. 2007), but its recovery was
only possible by introducing a pre-treatment step. The main disadvantage of IMAC is
the impossibility to isolate pDNA from a gDNA-containing extract, due to the similar
double stranded structure (Cano et al. 2005).
Triple helix affinity chromatography (THAC) is also an alternative affinity technique to purify pDNA, based on the sequence-specific interaction of a triple-helix
forming oligonucleotide with pDNA (Schluep and Cooney 1998; Wils et al. 1997).
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A pyrimidine oligonucleotide is covalently linked to the chromatographic matrix and
binds to duplex DNA via the major groove and through the formation of Hoogsteen
hydrogen bonds. However, the triple-helix interaction is only possible if a suitable
target homopurine sequence has been previously inserted in the pDNA (Schluep and
Cooney 1998; Wils et al. 1997). Some reports provide evidence that it is possible to
purify sc pDNA with THAC and to significantly reduce the level of contaminating
RNA, endotoxins and gDNA in a single step (Wils et al. 1997). However, the relatively low recovery and the slow kinetics of the triple-helix formation are the main
disadvantages of the strategy.
In protein-DNA chromatography, two major strategies have been described. The
first uses a bifunctional protein-based affinity linker consisting of a zinc finger (ZF)
DNA-binding protein that was fused to glutathione S-transferase (GST-ZF) (Woodgate
et al. 2002). The ZF domain of the protein binds to a specific sequence, while the
GST domain binds to a glutathione Sepharose affinity matrix. The second strategy
was developed by exploiting the natural interaction between the lac operon sequence
contained in the pDNA and its repressor, the lacI protein (Forde et al. 2006; Hasche
and Voss 2005). In these cases, the elution is mainly performed by competition and
the limitations are associated to low yields and remaining gDNA contaminations. Han
and Forde (2008) have developed an affinity approach by immobilizing a peptide to a
monolithic support to investigate the purification of pDNA in an attempt to improve
the capacity. Their study resulted in the recovery of pDNA with a high purity level,
however the sc isoform was not totally isolated from oc pDNA and a significant amount
of pDNA was lost in the flowthrough (Han and Forde 2008).
Recently, a new affinity chromatography approach was implemented, named as
amino acid-DNA affinity chromatography, to purify pDNA (Sousa et al. 2008b).
The screening of the ability of histidine and arginine to isolate sc pDNA has shown
that both amino acids ligands promote a specific interaction with pDNA. Extending
beyond the possibility of histidine- and arginine-based affinity matrixes to isolate the
major plasmid isoforms (oc and sc pDNA) (Sousa et al. 2005; Sousa et al. 2008a),
the applicability of these matrices for the efficiently purification of sc pDNA from
host impurities present in a clarified E. coli lysate (Sousa et al. 2006; Sousa et al.
2009c) has been further demonstrated by those researchers. In the case of histidinechromatography, the application of an ammonium sulphate gradient appears to allow
the specific recognition of sc pDNA by the histidine ligands, whereas no interaction
has been found with oc pDNA and gDNA. Since the interaction of histidine with the
DNA bases may include hydrogen bonding, ring stacking/hydrophobic interactions
and water mediated H-bonds, the mechanism behind the specific interaction with the
bases of sc pDNA was explained by those researchers as a consequence of deformations induced by torsional strain. Thus, the higher exposure degree of sc bases favours
the interaction with the histidine ligand. A fundamental additional study performed
with synthetic oligonucleotides to explain the retention mechanism in the histidinesupport, also corroborates this hypothesis since the presence of secondary structures
on polyA and polyG oligonucleotides has a significant influence on retention (Sousa
et al. 2009a). In addition, it was verified that histidine interacts preferentially with
the guanine base (Sousa et al. 2009a). Figure 2 represents the specific recognition of
guanine by the histidine support, by performing two hydrogen bonds.
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Figure 2. Schematic representation of an affinity interaction between a histidine-agarose support and
guanine. Oxygen atoms are represented in red, carbon in light blue, nitrogen in dark blue and hydrogen in
yellow. The zigzag line represents the nucleotide structure and the arrows indicate the hydrogen bonding
established between the atoms involved and point from the donor to the acceptor atoms.

The quality control of the sc pDNA product showed that all the contaminants were
eliminated or reduced to accepted levels, recovery was yielded in 45% and the 50%
of transfection efficiency confirmed an efficient expression of the target gene in
eukaryotic cells (Sousa et al. 2006), which is an interesting result concerning the
therapeutic applications.
Otherwise, a study of the arginine-based matrix has revealed that after pDNA
binding, due to the specific interaction, an elution can be performed using milder
conditions. The application of an increased sodium chloride gradient or the addition
of an arginine supplemented buffer has been shown to be equally efficient to purify
sc pDNA, maintaining its stability and efficiency (Sousa et al. 2008c). Although, the
interaction occurring between pDNA and the arginine support was supposed to be
rather complex, the characteristics of arginine, namely its ability to interact in different
conformations, the length of its side chain and the ability to produce good hydrogen
bonding geometries also points to the possibility of specific recognition mechanisms.
The investigation of the retention mechanism performed with synthetic oligonucleotides, has shown that although the electrostatic interaction plays an important role with
regards the retention of single-stranded oligonucleotides, the interaction of doublestranded oligonucleotides onto the arginine support significantly decreased, as a result
of the diminished exposure degree of bases. The underlying mechanism in this study
involved phenomenological interactions like biorecognition which are themselves
made up of elementary interaction forces such as (multiple) H-bond, electrostatic,
hydrophobic interactions, dipole-dipole forces and cation-π interactions (Sousa et al.
2009b). Furthermore, the multiple interactions that an arginine-based matrix was able
to promote has permitted the differential recognition of the biomolecules present in
E. coli lysates, representing an important insight into the pDNA purification process.
Using this simplified sc pDNA purification process, the majority of the contaminants
were found to be removable and a 79% yield was achieved: sc pDNA was thereby
purified under mild conditions and the process shown to be extremely efficient (62%)
on cell transfection (Sousa et al. 2009c).
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In spite of the efficacy to purify sc pDNA, these matrices present relatively low
binding capacities. Hence, the application of large pore matrices in order to further
increase capacity and open the way to process scale applications could be a great
advantage for affinity chromatography.
Conclusions and future trends
Gene therapy and DNA vaccination are therapeutic strategies that are showing considerable potential with regards becoming an accepted and realistic therapeutic option for
the treatment of several diseases and pandemic occurrences. As concerns are becoming
dissipated and the success of these therapies is becoming increasingly apparent, the
research on the implementation of appropriate enabling strategies for the production
and purification of non-viral vectors, such as pDNA, has become intensified over the
last few years and this review we have looked at the manufacturing processes.
The importance of pDNA and the processes required to obtain sufficient quantities
of this molecule in pure and stable form has been challenging. A deep knowledge
of the target molecule and associated impurities is required in order to improve the
performance of the available unit operations for plasmid processing. An efficient
high-scale production of pharmaceutical grade pDNA constitutes an engineering task
demanding experience and a high technical level. In this regard, numerous chromatographic methodologies have now been established and characterized for plasmid
purification. Ongoing investigations are therefore mainly focused on improving the
capacity, recovery yields and selectivity of the chromatographic matrices, by considering the design of the supports and taking advantage of new and more specific
ligands. An improved understanding of all unit operations involved in the process and
its integration will comprise a great benefit to the implementation of new platforms
for pDNA biopharmaceutical production.
Production of a plasmid product for therapeutic application requires an accurate
control of purity and biological activity, conforming to appropriate quality requirements. To achieve this it is crucial that an integrative understanding of all the areas and
technologies involved: the design of the vector, the implementation of new production
strategies and the control of the purification techniques. Application of recent and
established analytical methodologies and procedures capable of fully characterizing
the product and process performance is a crucial task that has to be considered during the design stage.
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Abstract
Toxicity testing with animals is expensive, ethically controversial, and not always
predictive of the human response. Cell-based assays are regarded as an alternative.
However, conventional two-dimensional cell cultures do not reproduce the tissue
architecture in vivo, and do not forecast organ-specific toxicity. On the other hand,
three-dimensional cultures emulate the biochemistry and mechanics of the microenvironment in tissues more closely. Therefore, they address the limitations of both
animals and two-dimensional cultures, and provide more accurate data on the effects
of short- and long-term exposure to toxicants. We provide an up-to-date overview
on the use of three-dimensional cell cultures in toxicology. We anticipate that threedimensional cultures will become invaluable to accomplish the 3R agenda (refinement,
reduction, and replacement) for animal-based toxicity testing and will play a major
role for the Registration, Evaluation and Authorisation of Chemicals in the European
Union (REACH legislation).
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Introduction
The toxicity of a substance is usually tested using animals. The tests are time-consuming and expensive, as well as ethically controversial, and in general of limited
reliability. A comprehensive survey of drug screening tests has shown that 57% of
the toxicological data derived from experiments with rodents do not correlate with
the results of human trials (Olson et al., 2000). In many cases, drugs have failed
during clinical trials due to their adverse toxicity. Pre-clinical toxicity tests with
multiple animal species are also poorly predictive (de Boo & Hendriksen, 2005;
Knight, 2007a; Knight, 2007b). These facts motivate governments and authorities
to support alternative methods. The replacement of animal models for testing drugs
and chemical substances is one of the three Rs of the Replacement, Reduction, and
Refinement (3R) agenda for the humane handling of laboratory animals (de Boo
& Hendriksen, 2005). The 3R compliancy is required as a good laboratory animal
practice. Important regulatory initiatives, such as the European REACH (Registration, Evaluation and Authorisation of Chemicals) (Foth & Hayes, 2008; Lilienblum
et al., 2008), require the application of alternatives to animal-based tests. To date,
several basic cytotoxicity and ADME-Tox (drug Absorption, Distribution, Metabolism, Elimination and Toxicity) tests rely on cell cultures (Hasspieler et al., 2006; Li,
2001; Lin et al., 2003; Rausch, 2006). However, conventional two-dimensional cell
cultures fail to detect organ-specific toxicity (Mazzoleni, Di Lorenzo & Steimberg,
2009). The reason seems to be that the flat culture plastic substrates provide a nonphysiological environment to the cell (Mazzoleni et al., 2009; Pampaloni, Reynaud
& Stelzer, 2007). Plastic substrates are two-dimensional (2D) and fairly stiff. In
contrast, real tissues have a three-dimensional (3D) geometry, gel-like (soft) stiffness,
and a specific biochemistry determined by the proteins of the extra-cellular matrix
(ECM). Examples of ECM proteins are collagen, laminin, and fibronectin. Although
a 2D substrate can be coated with a thin layer of ECM proteins (usually collagen I or
fibronectin) this does not seem to reproduce the complexity of the ECM in vivo. Due to
the non-physiological microenvironment, cells mostly proliferate and de-differentiate
in 2D cultures (Bhadriraju & Chen, 2002). Fibroblasts cultured in 2D have a flat
shape strikingly dissimilar from the bipolar/stellate shape found in tissues (Beningo,
Dembo & Wang, 2004; Rhee & Grinnell, 2007; Rhee et al., 2007). A comparison of
the gene expression profile of melanoma cells showed that 173 genes differ between
the same cells cultured in 3D and 2D (Birgersdotter, Sandberg & Ernberg, 2005).
Most of the genes strongly up-regulated in 3D are chemokines, as well as laminin
and c-Jun (Ghosh et al., 2005). Expression profiles of vascular smooth muscle cells
showed evidence for ~100 genes, which are differently up-regulated in 2D compared
to the situation in 3D (Li et al., 2003). Primary hepatocytes plated in 2D systems
lose liver-specific functions after a few passages. The first function lost is the biosynthesis of the drug metabolizing enzymes, which are essential for testing toxicity
(Gomez-Lechon et al., 1998; Pampaloni et al., 2007). On the other end, culturing
hepatocytes in 3D collagen or purified basement membrane maintains liver-specific
functions for several weeks. An extended liver-specific functionality is also obtained
by aggregating hepatocytes into “spheroids” with a diameter of several hundreds of
micrometers (Semino et al., 2003). Fibroblasts cultured in 3D collagen show a more
typical in vivo phenotype (Cukierman et al., 2001). Madin-Darby canine kidney
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(MDCK) cells generate kidney organoids (spherical hollow spheres called cysts) in
3D collagen (Figure 1a) (Montesano, 1986). This phenotype is not observed in 2D
cultures of MDCK cells.
These selected examples show that establishing 3D cell-cell contacts and embedding
cells in 3D gels that emulate the natural ECM reduces the gap between cell culture and
real tissue. Here, we review the application of 3D cell cultures to toxicity screening.
Properly standardized and validated toxicity assays based on 3D cultures will allow
us to predict the effect of toxicants on humans with higher accuracy than both 2D
cultures and animal models. 3D cultures could greatly improve the toxicity screening
of industrial chemicals as well as eliminate the toxic substances at an early stage of
the drug discovery pipeline. The available 3D systems still reproduce at rudimental
level the microstructure and the function of live tissues. Substantial effort is currently
devoted to optimize 3D cell cultures for toxicity screening purposes. This requires the
introduction of new synthetic ECM-like scaffolds, bioreactors, as well as advanced
imaging technologies.
Methods for 3D cell culture
3D HYDROGEL-BASED CULTURES

The natural ECM in tissues consists of a tight network of fibrous proteins filled with
glycosaminoglycan hydrogel (Lutolf & Hubbell, 2005). ECM hydrogels for 3D
cell cultures mimic the biochemical and mechanical properties of tissues. Cells are
confronted with a more physiological condition compared to 2D systems. Therefore,
the relationship between cell function and tissue architecture can be isolated and addressed. ECM hydrogels for 3D cell culture are either of animal origin or synthetic.
The most often employed hydrogels in a 3D cell culture are collagen type I and basement membrane extract, both of animal origin.
Collagen type I

Collagen I is the prevalent ECM component of the connective tissue (stroma). Collagen
is extracted from animal tendons and is commercially available as an acidic solution.
A 3D collagen fibrillar hydrogel can be easily reconstituted in vitro by neutralizing the
solution. A highly ordered fibrillar architecture, similar to the one in vivo, can obtained
by controlling the collagen concentration and sonicating the solution before gelation
(Bessea et al., 2002). Collagen hydrogels, sponges, microspheres, and membranes
can be employed for 3D cultures (Chevallay & Herbage, 2000).
Reconstituted basal membrane

The basement membrane is a fibrous sheet underlying the epithelia. It is composed
of laminin 1, collagen III-IV, and heparin sulphate proteoglycans. The basement
membrane hydrogel (commercial name “Matrigel” from BD Biosciences) is derived
from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma (Kleinman & Martin, 1989)
and can be reconstituted as a 3D gel under physiological pH and temperature. 3D
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cell cultures in Matrigel and collagen I have been intensively and very successfully
applied in breast cancer research (Bissell & Radisky, 2001; Cukierman et al., 2001;
Petersen et al., 2001; Radisky, Hagios & Bissell, 2001), and to elucidate the steps
leading to the establishment of epithelial cell polarity and epithelial morphogenesis
(Montesano, 1986; Mostov, Su & ter Beest, 2003; O’Brien, Zegers & Mostov, 2002).
These studies show very clearly that both morphology and gene expression adapt to
the cell microenvironment.
The use of 3D cell cultures in hydrogels for toxicity screening requires standardized
and biochemically well-defined matrices, which should suffer from minimal batch-tobatch variations. A significant improvement is the introduction of novel synthetic gels
alternative to the “classical” extracted collagen I and to Matrigel, which is discussed
in the last paragraph.
CELLULAR SPHEROIDS

Cellular spheroids are large (hundreds of micrometers in diameter) spheres composed
of several hundreds to thousands of cells (Figure 1b). They form by aggregation of
isolated cells. Cellular spheroids are among the first 3D cell culture models adopted
in clinical pharmacology (Mueller-Klieser, 1997). An exogenous scaffold or matrix is
not required to support the cells, since cell aggregation is spontaneous and facilitated
by buoyancy or stirring. Spheroids can be obtained by the hanging drop technique
(Kelm et al., 2003; Korff & Augustin, 1998; Timmins, Dietmair & Nielsen, 2004), by
seeding cells on non-adhesive surfaces, such as 3D alginate porous scaffolds (Glicklis
et al., 2000), or by employing rotating well vessel cultures (Bilodeau & Mantovani,
2006). Buoyancy is exploited in the “hanging-drop” method (Figure 1b-1). In this
method, droplets of culture medium containing isolated cells are suspended from a
Petri dish lid. After three to seven days of growth, large spheroids can be harvested
(Kelm et al., 2003; Timmins et al., 2004). Alternatively, rotational stirrers can be
employed for spheroids formation (Bilodeau & Mantovani, 2006; Moscona, 1961)
(Figure 1b-2). The sedimentation of the cells within the vessel is offset by the rotating fluid, which keeps the cells continuously suspended in the culture medium. In
a low-shear and low-turbulence regime, the rotating vessel bioreactors minimize the
mechanical damage of cells and provide adequate nutrition and oxygenation.
Spheroid types

Many common cell lines can aggregate to spheroids, including MCF-10a (human
mammary cell line), Caco2 (intestinal cell line), and HepG2 (human liver cell line)
(Kelm et al., 2003). Spheroids from human teratocarcinoma cell line Ntera2 (NT2)
are a useful model system for biomedical studies and toxicity assays on the nervous
system (Podrygajlo et al., 2009). Podrygajlo et al. have shown that the differentiation time of the to mature post-mitotic neurons can be drastically reduced from
two to one month by aggregation in spheroids (Podrygajlo et al., 2009). Spheroids
obtained from primary liver cells are particularly important for toxicity testing. Rat
hepatocyte spheroids can be easily obtained by following standard procedures (Xu,
Ma & Purcell, 2003a; Xu, Ma & Purcell, 2003b). During the transitional phase from

Three-dimensional cell cultures in toxicology 121

Figure 1. Examples of 3D cell cultures.
a. 3 D cultures in ECM hydrogels cultures. An example is a 3D culture of MDCK cells (a kidney cell line)
in hydrated collagen gel. The gel forms thick fibres, which support tissue-like cell growth. MDCK
cells yields polarized epithelia resembling kidney tubules. The basal surface is in contact with the gel,
and the apical side faces the fluid-filled internal cavity. The phase contrast micrograph shows MDCK
tubes obtained by mechanically stretching the collagen fibers (scale bar 50 µm).
b.

Cellular spheroids. Cells can re-establish mutual contacts and specific microenvironments that allow
them to express a tissue-like phenotype by aggregating into large (several hundreds of micrometers)
spheroids. These can be obtained at specific cellular concentrations within a “hanging drop” (1) or
in rotating-wall vessels (2). In both methods, the cells cluster by gravity and then aggregate. (3) The
phase contrast micrograph shows a spheroid obtained from the pancreas tumor cell line BxPC-3.

c.

Cultures on porous substrates and microcarriers. (1) Culture on fibre mesh. For example, primary
fibroblasts are cultured in Petri dishes. The cells are subsequently seeded onto a biodegradable fibre
mesh. After several weeks in culture, keratinocytes, e.g. extracted from the foreskin, are placed onto
the new dermal tissue and form an epidermal layer. (2-3) Microscaled materials beads derived from
dextran, gelatine, glycosaminoglycans and other porous polymers can be used as a three-dimensional
support for the culture of anchorage-dependent animal cell lines.

d. Organotypic cultures. Dissected organ slices, such as brain, are placed on porous substrates, supported
by a metal grid (1, 2) and cultured at the air-growth medium interface (3).

isolated cells to mature spheroid (1-5 days) a drastic biochemical rearrangement has
been observed in hepatocytes. Initially, glucose secretion and cellular activity of
GOT and GPT increased (day 1-6). In contrast, LDH and γ-GT activity were undetectable during spheroid formation. Albumin secretion decreased rapidly during the
first two days. Arginine uptake as well as urea and nitric oxide synthesis increased.
The physiological liver-specific functions recovered with spheroid maturation (after
day 6), and remained stable at least from day 6 until day 15. This nine day long time
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window is recommended by the authors as the best suited interval to perform toxicity
assays (Xu et al., 2003a; Xu et al., 2003b). In another study, the liver-like functionality of porcine hepatocytes has been extended to over 21 days by embedding them in
3D collagen (Lazar et al., 1995). Embryonic cells, such as retina cells (Layer et al.,
2002), and adult multipotent neuronal stem cells (Jessberger, Clemenson & Gage,
2007; Wang et al., 2006) can also form spheroids (neuronal cells spheroids are termed
“neurospheres”). Spheroids from embryonic retinal cells had been obtained by a static
culture in a microscaffold cell array. Each microscaffold was a square with a lateral
length of 300 µm. Each array contained 506 microcontainers. The cells produced
mature spheroids within ten days (Rieke et al., 2008). This microarray format is
promising for large-scale assays.
Advantages of cellular spheroids

Since the addition of exogenous extra-cellular scaffolds is not required, spheroid aggregation can be easily automated. Therefore, scaling-up cellular spheroids-based
assays to high-throughput analysis is feasible (Friedrich et al., 2009; Ivascu & Kubbies,
2006; Kunz-Schughart et al., 2004; Zhang, Gelain & Zhao, 2005). Also, the relatively
easy handling allows a precise patterning of the spheroids into 3D shapes. Jakab et
al. positioned ten CHO cell spheroids within 3D collagen, patterning a circle. After
~5 days in culture, the single spheroids along the circle merged, forming a continuous
tissue of toroidal shape. This work shows that “organ printing” with cellular spheroids
can establish a precise 3D geometry and mimic basic organ architectures (Jakab et
al., 2004a; Jakab et al., 2004b).
In fact, a well-defined geometry allows the modelling of dynamic processes, such as
organ formation and growth (Glicklis, Merchuk & Cohen, 2004), diffusion of drugs,
cell invasion, as well as angiogenesis (Jiang et al., 2005; Stein et al., 2007; Tabatabai,
Williams & Bursac, 2005). Spheroids are already well-established in clinical research,
especially as models of small solid tumors (Sutherland, 1988; Sutherland, McCredie
& Inch, 1971). They are the system of choice for therapeutically-oriented biomedical
studies (Mueller-Klieser, 1997; Sutherland, 1988; Sutherland et al., 1971), and have
been applied in biotechnology, e.g. in tissue engineering of human bone (Kale et al.,
2000). With current advances in automation, microscopy imaging, and processing
of large amount of data, cellular spheroids will become increasingly important for in
vitro drug discovery screening and toxicity assays.
ORGANOTYPIC CULTURES

Organotypic cultures allow testing the functions of an organ exposed to toxicants
by employing the actual organ itself grown in vitro under tissue culture conditions
(Holopainen, 2005). ����������������������������������������������������������������
This allows the maintenance of the tissue’s architecture.�������
�����
Organotypic conditions are obtained by culturing organ slices of microscopic thickness
(Figure 1d). Slices are cultured on semiporous membranes at the air-liquid interface,
on collagen-coated substrates, or within 3D collagen. Each cell in the slice is less
than a few hundred micrometers away from the media and oxygen supply. Thus,
the tissue slice remains viable for many weeks or months even in serum-free media.
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Organotypic lung, skin, and brain cultures have been developed and are widespread in
drug discovery and toxicology. Organotypic brain slice cultures are well established
for neurotoxicological screening and toxicological mechanistic research (Noraberg,
2004). Ootani et al. developed a promising combination of 3D culture in collagen
hydrogel and organotypic culture. They realized a 3D intestinal model with murine
intestinal stem cells (ISC), employing explants as starting material. Intestine explants
were cultured within 3D collagen I hydrogel maintained at the air-liquid interface.
On day seven, cystic structures (termed “intestinal spheres”) appeared. Ootani et al.
observed that the intestinal sphere is a polarized epithelial monolayer expressing the
markers of intestine epithelium. They have shown that ISC in 3D culture differentiated
to absorptive enterocytes and Goblet cells. The myofibroblasts present in the explants
(the candidate ISC niche) supported long-term (i.e. for over 350 days) proliferation
and differentiation of the tissue. This intestinal organotypic culture could have a
significant impact on drug and toxicity assays.
In summary, the major advantages of whole organ slices are that the basic organ
architecture is retained, and that the inter-individual variability is maintained. The
drawbacks are the need of numerous biopsies and the difficult standardization of the
assays.
3D CULTURES ON POROUS SUBSTRATES AND MICROCARRIERS
Cultures on porous membranes

Epithelial structures such as human skin models have been developed as 3D cultures
on porous membrane (“filter-well inserts”, e.g. Millicell from Millipore, Billerica,
MA, USA or Transwell from Nunc, Rochester, NY, USA) or on polymeric fibre mesh
(Figure 1c-1). The epithelial cells are cultured to confluence at the air-liquid interface. In this configuration, cells differentiate to polarized epithelial sheets (Justice,
Badr & Felder, 2009). Sun et al. developed a 3D skin model by culturing the human
keratinocyte cell line HaCaT on a biologically inert non-hydrolysable commercial
scaffold (non-woven viscose rayon, trade name AzowipesTM) (Sun et al., 2006). The
ability of the skin cells to respond to toxic xenobiotics (hydrogen peroxide and silver
nitrate) in 3D and 2D was compared. The results showed that the concentration of
H2O2 and AgNO3 necessary to produce a 50% loss of viability (IC50) was doubled
in 3D compared to 2D. Consistent results were obtained by comparing the IC50 of
human dermal fibroblasts and endothelial cells 3D and 2D cultures. The improved
viability of 3D cultures vs. 2D (”multicellular resistance”) has been observed by other
researchers that employed 3D macroporous hydrogel as a substrate (Dainiak et al.,
2008), and is consistent with the higher resistance to cytotoxic drugs observed in vivo
(Desoize & Jardillier, 2000). These data suggest that the outcome of toxicological
assays obtained with 2D cultures needs to be critically reassessed (Sun et al., 2006).
Human colon carcinoma cells (Caco2) cultured for 14-20 days on a porous membrane establish intestinal cell polarity, tight junction, and transport properties. These
differentiated Caco2 cells are morphologically and functionally similar to intestinal
enterocytes. This is a valuable in vitro system to screen the intestinal absorption of
drugs and toxicants (Bohets et al., 2001). A drawback is that Caco2 cells represent
enterocytes only. A more realistic intestinal model includes the adenocarcinoma cells
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HT29. These cells differentiate into mature Goblet cells under the influence of the
drug methotrexate (Behrens et al., 2001). The mucus-secreting Goblet cells represent
the second major cell type in the intestine.
Some 3D cell cultures on porous membrane mimicking epidermis and other epithelial organs have been fully validated for toxicity testing and will be extensively
discussed in the paragraph “3D cultures in toxicology”.
Cultures on microcarriers

Differentiated epithelia can also be obtained with microcarriers (Figure 1c-2,3).
Microcarriers are polymeric beads with a diameter of 300-500 µm. Microcarriers
provide an enourmous surface to volume ratio and support cell differentiation similarly
to porous membranes. A commercially available microcarrier is the gelatin-coated
Cytodex 3 (GE Healthcare, Chalfont St. Giles, UK). The cell-seeded microcarriers
can be cultured in a rocked dish or in a rotating well vessel (see following paragraph).
An advantage is that cells on microcarriers are maintained in homogeneous liquid
medium during culture. This minimizes sample-to-sample variability. A further advantage is that the microcarrier system can be easily scaled-up to a high-throughput
format (Justice et al., 2009).
3D CELL CULTURES IN TOXICOLOGY

The European REACH-agenda will re-evaluate tens of thousands of chemical substances. This will be impossible without the use of in vitro assays. Moreover, EU
regulation has already banned the use of animals for toxicological testing in the
cosmetic industry since 2009 (76/768/EEC, February 2003). Assays based on 3D
culture will have a pivotal role in replacing animals (Bhogal et al., 2005). However,
the validation of new toxicity assays for regulatory purposes is a technically demanding
process, very expensive and very time-consuming. Therefore, it is no surprise that just
few 3D cell models have been validated so far by authorities, such as the European
Center for the Validation of Alternative Methods (ECVAM, http://ecvam.jrc.it/).
Assays with 3D epidermal models

Three commercial epidermal models have been fully validated, namely EPISKINTM
(L’Oréal, www.invitroskin.com), EpiDermTM (MatTek, www.mattek.com) and SkinEthicTM (www.skinethic.com) (Bhogal et al., 2005; Netzlaff et al., 2005). In all the
three models, several stratified layers of epidermal cells are cultured at the air-liquid
interface on microporous filter inserts (such as MillicellCM by Millipore or Nunc
polycarbonate inserts). Primary normal human keratinocytes are employed. The cells
are obtained from donor specimens and expanded in monolayer culture to provide
large pools. The general morphology, lipid composition, and biochemical markers
of the 3D epidermis models are close to that of human skin. A common problem
of these models is the higher permeability compared to human skin (Netzlaff et al.,
2005). Protocols to discriminate between corrosive and non-corrosive substances
on skin based on EPISKIN and EpiDerm have been validated by ECVAM, and are
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now accepted as EU test guidelines (Bhogal et al., 2005; Kandarova et al., 2004;
Kandarova et al., 2005). 3D models of human corneal epithelium, tracheal/bronchial epithelium, buccal and gingival mucosa, and vaginal cervical mucosa are also
commercially available (MakTek, SkinEthic). All the systems are based on primary
normal human cells.
Assays with liver models

While 3D epidermis models provide essential data on skin corrosivity and phototoxicity, they are not suitable for metabolite toxicity or organ-specific toxicity, such as
liver toxicity. Liver toxicity is the first cause of failing of a drug candidate during
the clinical phase, and of withdrawal of a drug from the market (Kaplowitz, 2005).
Liver models suitable for toxicity testing should maintain the liver functionality for
up to several weeks. Particularly, the expression of cytochrome P450-mixed function monooxygenases (CYPs, the most important group of chemicals-metabolizing
enzymes in the liver) must be conserved. Liver models based on 3D cell cultures have
been intensively investigated. A broad range of 3D cell culture techniques has been
employed to develop liver models, including culture in hydrogels, porous membrane,
and cellular spheroids.
Liver models with 3D hydrogels

Lee et al. developed a microarray (“DataChip”) for high-throughput toxicity assay
based on Hep3B cells (a human hepatocellular carcinoma cell line that partially retains liver-specific functions) embedded in 3D hydrogels (Lee et al., 2008). The cells
were encapsulated in microdroplets of alginate gel. Each microdroplets contained
~60 cells. The droplets were spotted onto glass slides producing a 1080-spots array.
Alginate is not degraded by matrix metalloproteinases produced by cells. Thus, the
droplets were stable over several days, and their volume was as small as 20 nanoliters.
This allowed increasing the density of the spots in the array. The toxicity of CYPsmetabolites was tested with the 3D cell microarray, as a proof of principle for toxicity
screening of drugs and drugs metabolites. Dose-response curves were measured on
27 CYPs-metabolized substances, including digoxin, doxorubicin, acetaminophen,
and ketokonazole. The assay was able to predict the influence of CYPs metabolism
on the toxicity of this diverse range of xenobiotics.
Liver models with porous membranes

A sandwich culture of rat primary hepatocytes employing synthetic ECM was developed by Du et al. (Du et al., 2008). The culture was maintained in a commercial
small-sized perfusion bioreactor (Minusheet carriers, Minucell GmbH, Germany),
suitable for metabolism/toxicity assays. The synthetic ECM consisted of two porous
membranes sandwiching the hepatocytes. A galactosilated polyethylene-terephtalate
(PET-Gal) was employed as bottom (basal) substrate for the hepatocytes. A polyethylene porous membrane coated with the oligopeptide Gly-Arg-Gly-Asp-Ser (PETGRGDS) was employed as top (apical) support. The two synthetic basal and apical
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membranes mimic the space of Disse in liver. The authors compared the performance
of the PET-Gal/PET-GRGDS system and the collagen sandwich system. The parameters examined in the comparison were the establishment of in vivo-like cell polarity,
cell-cell interaction, biliary excretion, differentiated liver function, and mass transfer of
medium and metabolites. The authors observed that PET-Gal/PET-GRGDS sandwich
has a similar or improved performance compared to the collagen sandwich system.
Hepatocyte polarity was established in both systems, as confirmed by the cortical
rearrangement of the F-actin cytoskeleton and formation of bile canaliculi. Also the
biliary excretion measured with fluorescein diacetate was comparable. Interestingly,
liver functionality parameters, i.e. albumin and urea production, as well as cytochrome
P540 1A activity were significantly higher in the PET-Gal/PET-GRGDS sandwich
than in the collagen sandwich for over 14 days. The improvement of in vivo-like
liver functionality in the PET-Gal/PET-GRGDS system could be due to better cell-cell
contacts and more efficient diffusion of nutrients and waste removal.
Spheroid-based liver models

Hepatocyte spheroids have been produced by (Brown et al., 2003) and maintained in
a differentiated state for several weeks by culturing in a rotating well vessel (RWV,
www.synthecon.com). The spheroids were obtained by culturing primary rat hepatocytes in 100-mm Petri dishes constantly shacked with an orbital shaker. Then, the
spheroids were further cultured in a RWV. The hepatocyte spheroids remained viable
for several weeks in the RWV and maintained specific liver functions. Phase 1 and
phase 2 CYPs xenobiotics metabolism was confirmed by measuring the activity of
CYP 2B1/2, CYP 2E1, CYP 2D and CYP 3A. Prolonged albumin secretion was also
observed. Thus, RWV is well suited for long-term culture of liver cell spheroids,
with good viability and maintenance of liver-specific functions. With this system,
toxicological and pharmacological assays are possible.
Xu et al. compared primary primary rat hepatocytes spheroids and HepG2 (a human
hepatocellular carcinoma cell line) spheroids as in vitro models for toxicity assays
(Xu, Ma & Purcell, 2003c). The authors claim that HepG2 spheroids are suitable
for in vitro toxicity studies, and produce results comparable with that obtained with
primary hepatocytes.
Further spheroid-based assays

Kloss et al. developed a spheroids biochip for toxicological screening based on impedance spectroscopy (Kloss et al., 2008). The frequency-dependent impedance spectrum
provides information on the dielectric and structural properties of the spheroids.
Single spheroids were trapped into pyramidal cavities with a size of 300 µm etched
on a silicon wafer. Each cavity contained four gold microelectrodes to measure the
spheroid’s impedance. Each biochip contained 25 cavities. The biochip was used
to assess the effect of drugs on cell packaging density, surface structure, and ECM
architecture of the spheroids. Spheroids obtained from human melanoma cells (Bro),
african green monkey kidney (Cos-7), chinese hamster ovary cells (CHO), and chicken
retina cells were tested. The most compact spheroids (Bro) showed low impedance,
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while less compact and irregular chicken retina cell spheroids displayed the highest
impedance. Human melanoma (Bro) spheroids were employed for a screening assay with cytotoxic drugs. After eight hours of exposition, the drugs forskolin, staurosporine and campthotecin caused an increase of the impedance, while doxorubicin
and tamoxifen induced a decrease of the impedance. Correlating the change of the
impedance with specific drug-induced effect requires additional investigation, e.g.
with light microscopy. Previous work on spheroid impedance spectra suggests that
changes in the spheroid’s compactness (Kloss et al., 2008) as well as disintegration
of the cell’s membrane (Thielecke, Mack & Robitzki, 2001) are the parameters with
the largest influence on the impedance.
Further works have shown that impedance assays on embryonic chicken heart muscle
spheroids are suitable for drug and toxicity testing (Reininger-Mack, Thielecke &
Robitzki, 2002). Thus, spheroid-based biochips with impedance/potential recording are promising for toxicity assay for food quality control, environmental control,
pharmaceutical and cosmetic industry.
In summary, several toxicity assays based on 3D cell models have been developed
and are promising in their ability to mimic specific organ response to toxicants. However, the validation of these assays from the research stage to real-world application
is a long and cumbersome process. This is evidenced by the fact that just three skin
models have been fully validated so far to replace animal testing. A close cooperation
between regulatory authorities, industry, and academia is required in order to speed
up the validation process.
Conclusions and prospects
NOVEL EXTRACELLULAR MATRICES

The successful introduction of toxicity screenings based on 3D cell cultures strongly
depends on the availability of 3D matrices that are easy to handle and with low price.
Reproducible and standardized matrices designed to mimic specific tissue microenvironments are required. A broad range of synthetic scaffolds developed for tissue
engineering is available (Kim & Mooney, 1998). Substantial efforts have been devoted
to increase tissue-like specificity and biocompatibility of 3D hydrogels. In the near
future, novel 3D matrices will contribute to the wider adoption of 3D cell cultures
for large-scale toxicity screenings.
Extracted ECM hydrogels

Collagen I and basement membrane extract alone do not accurately mimic the composition of the different ECM types found in tissues (Uriel et al., 2008). Laminin-1
represents a minor fraction of the ECM proteins found in most adult tissues. Further
laminin isoforms or basement membrane components are essential to recapitulate
specific property of tissues in vitro (Uriel et al., 2008). A procedure to extract ECM
proteins from selected tissues has been elaborated by (Uriel et al., 2008) and (Brey et
al., 2007). The source tissue is decellularized by treating with EDTA, with dispase,
or by grinding. Then, the basement membrane is homogenized in a high-salt solu-
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tion containing a protease inhibitor. Finally, the basement membrane proteins are
extracted by soaking in presence of urea. The extracted ECM proteins can be gelled
by rising pH or temperature. The resulting gel is a highly specific duplicate of the
tissue’s ECM.
Synthetic ECM hydrogels

Extracted hydrogels recapitulates many in vivo characteristic of the ECM. However,
they may contain non quantified impurities, such as growth factors and intracellular
proteins. Major issues are batch-to-batch variations and limited availability. Fully synthetic hydrogels for 3D cell-culture would reduce costs and improve the reproducibility
of results. Zhang et al. introduced nanofibers hydrogels based on self-assembling
oligopeptides with repeating motifs Glu-Ala-Lys or Arg-Ala-Asp (Zhang et al., 2005).
The oligopeptide is available on the market with the trade name “Puramatrix” (BD
Biosciences) (Zhang et al., 1997). Nanofiber self-assembly is triggered by mixing
the peptide solution with culture medium at physiological pH (~7). The nanofibers
have a diameter of about 10 nm and the gel pore size is between 5 and 200 nm (Zhang
et al., 2005). The nanofiber gel surrounds the cells similarly to the natural ECM.
Ulijn et al. introduced short oligopeptides with the motifs Phe-Phe, Fmoc-Leu-LeuLeu, as well as Fmoc-X-Phe-Phe (X=Ala, Val, Leu, Phe) (Ulijn et al., 2007). These
oligopeptides form stable hydrogels that support cell growth in 3D. The drawback
of fully synthetic hydrogels is that they lack cell-specific adhesion-promoting sites.
Thus, ECM proteins such as laminin-1 or fibronectin must be added in order to promote
cell growth and differentiation. Semi-synthetic hydrogels consisting of cross-linked
derivatives of hyaluronan and gelatine are a promising alternative to both animalderived and fully synthetic hydrogels (Serban, Scott & Prestwich, 2008). Hyaluronan
is a major constituent of natural ECM, while gelatine is denatured collagen. In the
semisynthetic hydrogel, both hyaluronan and gelatine are modified with reactive
thiol groups. Polyethylene glycol diacrylate is employed as cross-linker. Studies
have shown that primary hepatocytes cultured in the 3D hyaluronan-gelatine matrix
maintain liver-specific functionality longer than 2D-cultured hepatocytes (Prestwich
et al., 2007). A hyaluronan semi-synthetic matrix is available commercially (trade
name “Extracel”, Glycosan Biosystems).
Alginate hydrogels are also widely employed in tissue engineering (Lee & Mooney,
2001). Gelatine-coated alginate microcarriers are emerging as a promising matrix
for large-scale 3D cell cultures (Justice et al., 2009).
Recently, macroporous hydrogels (cryogels) have been applied to 3D cell cultures
(Plieva et al., 2008a). Cryogels are prepared by gelation at sub-zero temperature. They
have a well-controlled porosity, determined by the size of the growing ice crystals. The
cryogel surface can be easily functionalized with ECM molecules, such as collagen
I or RGD peptides (Dainiak et al., 2008). The porous structure of 3D cryogels, as
well as tissue-like elasticity, allows for a physiological cell microenvironment (Plieva
et al., 2008b). 3D cryogel scaffolds have been adapted to standard 96-well format.
A drug toxicity test performed with this system has shown that human colon cancer
cells (HCT116) are 3.5-fold less sensitive to cisplatin than the same cells cultured in
2D (Dainiak et al., 2008).
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Photopolymerizable polyethylene glycol diacrylate (PEG-DA) hydrogels supplemented with ECM molecules have been employed to fabricate 3D liver cell constructs.
PEG-based hydrogels are biocompatible, hydrophilic, and can easily be functionalized.
By using micro-photolithography, Liu Tsang et al. patterned a three-layer hexagonal
multilayer structure with PEG-DA embedding hepatocytes (Liu Tsang et al., 2007).
The hexagonal geometry mimics the branching architecture of liver in vivo and
optimizes the exchange of nutrients and waste in the perfusion system. The study
showed that hepatocytes can be maintained for two weeks in the perfused PEG-DA.
The fabrication of photopatterned multilayer 3D cultures could be straightforwardly
extended to other cell types, realizing miniaturized “printed organs” suitable for
toxicology screening.
LIGHT-SHEET BASED FLUORESCENCE MICROSCOPY

The possibility to perform high-content screening (HCS) of 3D cell cultures is essential to accomplish efficient and predictive toxicity assays and replace testing on
animals. HCS harnesses fluorescence images of cells with algorithms that track the
spatiotemporal distribution of target proteins. HCS can probe events in live cells
(e.g. sub-cellular protein translocation) that are not accessible in conventional high
throughput screening, and is establishing itself as a core technology in cell-based
toxicity assays (Rausch, 2006). However, 3D cell cultures are challenging for
optical microscopy. Wide-field epifluorescence microscopy and confocal microscopy
work optimally on flat specimens such as 2D cultured cells, but meet their limits when
applied to 3D cell cultures. This is due to large size (from hundreds of micrometers
to few millimeters), strong light scattering due to the ECM fibrous network, and high
cell density. Further serious issues are phototoxicity as well as photobleaching due to
high-intensity illumination of the specimen. Other imaging techniques, such as the
environmental scanning electron microscope (ESEM), have been successfully applied
to 3D cultures (Uroukov & Patton, 2008), but they are not suitable for large-scale
screening due to slow specimen preparation. Recent advances in imaging technology are removing some of the obstacles that have prevented the observation of live
cells that grow in a more natural, physiological three-dimensional environment. The
Light Sheet-based Fluorescence Microscope (LSFM) (Figure 2A) is optimally suited
for imaging of 3D cell cultures. Two implementations of LSFM exist: Single Plane
Illumination Microscope (SPIM) (Greger, Swoger & Stelzer, 2007; Huisken et al.,
2004; Pampaloni et al., 2007), and Digital Scanned Light-sheet Microscope (DSLM)
(Keller et al., 2008). In LSFM, the specimen is selectively illuminated in the focal
plane with a laser light-sheet. Thus, fluorescence emission is excited exclusively
in a thin plane in the specimen. The out-of-plane regions are not illuminated. The
fluorescence from the illuminated plane is collected with an objective lens placed
perpendicularly to the light-sheet and imaged with a sensitive CCD camera. The
objective lens focal plane and the illuminated plane overlap, so that only the plane
that is illuminated is imaged. A 3D image stack is obtained by moving the specimen through the light-sheet. Adjacent planes can be as close as 0.5 micrometers.
Additionally, the specimen can be axially rotated. This allows recording 3D image
stacks of the same specimen from different angles. By using high-numerical aperture
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water-dipping objective lenses (e.g. with NA=0.85 or NA=1.0), a resolution at subcellular level can be achieved. LSFM has a large penetration depth also in strongly
scattering specimens, very low photobleaching, and high recording speed. Typical
specimens for LSFM are 3D cell cultures in ECM gel, cellular spheroids (Figure 2B-C,
Figure 3), zebrafish and medaka fish embryos, Drosophila embryos, as well as tissue
explants. The specimen handling and preparation for 3D imaging is straightforward
for most types of specimens. Cellular spheroids are just embedded in 0.5% agarose
before imaging (Figure 2B). Simple mounting procedures, fast recording speed, and
high-resolution multi-channel fluorescence imaging allow the fast screening of a large
number of spheroids, tissue explants, and cell cultures. We anticipate that LSFM will
greatly advance toxicity assays, allowing HCS and HCA of size, shape, texture, and
intensity at individual cell level in 3D cell cultures.

Figure 2. LSFM set-up. (A) In an LSFM, a laser light sheet is fed into the specimen from the side and observed at an angle of 90° to the illumination optical axis. In this implementation (Single Plane Illumination
Microscope, SPIM (Greger et al., 2007; Huisken et al., 2004)), the light sheet is produced by a cylindrical
lens. The optical sectioning arises from the overlap of the focal plane of the fluorescence detection system
with the central plane of the excitation light sheet. Light-sheet-based fluorescence microscopes perform
particularly well with long working distance lenses. Since the numerical aperture of the illumination
system is much smaller than that of the detection system, light-sheet-based fluorescence microscopes
have a good penetration depth. Millimetre-sized specimens can be observed in their totality. A further
increase in resolution and information content can be obtained by observing the same specimen multiple
times but along different directions. Parts of the sample that would otherwise be hidden or obscured along
one direction now become visible. In a further step, the images stacks that are independently recorded
along different angles are combined to yield a single fused images stack. (B1) The spheroid is inside a
droplet of liquid agarose and sucked into a glass capillary. (B2) As soon as the agarose has formed a
gel, the sample is pushed out of the capillary and imaged. (B3) A photograph of the specimen with the
spheroid marked by the circle at the bottom. A second spheroid within the capillary is found further up
(upper circle). The white arrow points at the boundary of the agarose. The yellow arrow indicates the
boundary of the capillary.
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Figure 3. (A) An image of a liver spheroid recorded by scanning electron microscope. The bar represents
50 µm. (B) The histological section of a six-days old spheroid. Scale bar 50 µm. (C) Fluorescence image
of a cellular pancreas tumour cells (BxCP-3) spheroid. The image was recorded with Light-sheet based
fluorescence microscopy (SPIM). The image is calculated by combining twelve views recorded along
different angles. The cell nuclei are labelled with the fluorescent dye Draq5TM. The spheroid diameter
is ~100 µm. (C, left) A three-dimensional maximum projection of about 100 single slices spaced 0.5 µm
apart. (C, right) A single slice showing the central region of the spheroid. (D) The same spheroid rendered
in three dimensions with the image processing software ImarisTM.
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Abstract
Carotenoids and their apocarotenoid derivatives are isoprenoid molecules important for
the primary and secondary metabolisms of plants and other living organisms, displaying also key health-related roles in humans and animals. Progress in the knowledge
of the carotenoid pathway at the genetic, biochemical and molecular level, supported
by successful genetic engineering examples for an increasing number of important
plant crops have paved the way for precise molecular breeding of carotenoids. In this
review, following a description of the general carotenoid pathway, select examples of
plant species able to produce specialty carotenoids and apocarotenoids are illustrated.
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abscisic acid; ADH, aldehyde dehydrogenase; BADH, bixin ADH; BETA, chromoplast-specific lycopene β-cyclase; BMT, norBixin methyltransferase; CCD, carotenoid cleavage dioxygenase; CCS, capsanthin/capsorubin synthase; CHY, non-heme carotene hydroxylase; CMK, 4-(cytidine
5’-diphospho)-2-C-methyl-d-erythritol kinase; CrtB, bacterial phytoene synthase; CrtI, bacterial carotenoid
desaturase/isomerase; CRTISO, carotenoid isomerase; CrtW, bacterial carotene ketolase; CrtY, bacterial
lycopene β-cyclase; CrtZ, bacterial CHY; CYP97A and CYP97C, cytochrome P450 carotene hydroxylases;
DXR, 1-deoxy-d-xylulose 5-phosphate reductoisomerase; DXS, 1-deoxy-d-xylulose 5-phosphate synthase;
HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, 4-hydroxy-3-methylbut-2-enyl diphosphate synthase; LCY-b, lycopene β-cyclase; LCY-e, lycopene ε-cyclase; MCT, 2-C-methyl-d-erythritol
4-phosphate cytidylyltransferase; MDS, 2-C-methyl-d-erythritol 2,4-cyclodiphosphate synthase; MVA,
mevalonic acid / mevalonate; MVAP, mevalonate-5-phosphate; MVAPP, mevalonate-5-pyrophosphate;
NXS, neoxanthin synthase; PDS, phytoene desaturase; PSY, phytoene synthase; VDE, violaxanthin deepoxidase; ZCD, zeaxanthin-specific cleavage dioxygenase; ZDS, ζ-carotene desaturase; ZEP, zeaxanthin
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An update on plant carotenoid engineering is also provided for non-solanaceous crops
and members of the Solanaceae family, by means of different strategies and making
use of plant and bacterial genes.
Introduction
The visual properties and health benefits of carotenoid pigments have fostered fundamental research and industrial applications for decades. Carotenoids are isoprenoid
molecules synthesized by plants as well as by bacteria, fungi, yeast and algae. In
plants, the presence of carotenoids is mandatory for photosynthesis, and determines
the pigmentation of flower organs, fruits and seeds in many important crops. Carotenoids cover a wide range of functions in plants and animals such as energy transfer
and protection against photooxidative damage during photosynthesis, attraction of
insects and animals for pollination and fruit/seed dispersal, contribution to plant
cross-talk with pathogens, pests, and symbiotic organisms, reduction of degenerative disease risks and prevention of cardiovascular accidents, and provide a source of
pro-vitamin A (Gann et al., 1999; Hirschberg, 2001 and references therein). To date,
hundreds of carotenoid and apocarotenoid derivatives have been described (Britton
et al., 2003; Winterhalter and Rouseff, 2001). This figure is most likely to increase
owing to the continuous progress in analytical technologies and the advances in the
knowledge of the pathway.
The existing scientific literature on the carotenoid pathway is vast and exceeds the
scope of the present article, which will focus on the most recent publications after the
latest reviews (Giuliano et al., 2008; Fraser et al., 2009) and on the exploitation of
plant systems for the spontaneous or engineered production of high-value carotenoid
and apocarotenoid compounds.
The carotenoid pathway in plants
CAROTENOID BIOSYNTHESIS

Plant carotenoids are isoprenoid-derived molecules generally synthesized and located
in plastids, and their production is driven by nuclear-encoded enzymes (Hirschberg,
2001). In plants, isoprenoids are produced from the distinct but cross-talking cytosolic
mevalonate (MVA) and plastidial 2-C-methyl-d-erythritol 4-phosphate (MEP) routes,
to give rise to isopentenyl phosphate (IPP), the C5 building block for the synthesis of
carotenoids and other compounds (Figure 1). Phytoene, the first carotenoid, is a C40
molecule synthesized from the condensation of two C20 geranylgeranyl diphosphate
units by phytoene synthase (PSY). Subsequent desaturation steps, catalyzed by the
phytoene desaturase (PDS) and ζ-carotene desaturase (ZDS) enzymes, take to the
synthesis of cis-lycopene, which is converted into all-trans-lycopene either by the
carotenoid isomerase (CRTISO) enzyme in non-photosynthetic tissues or spontaneously by light in chlorophyll-containing ones (Giuliano et al., 2002; Isaacson et al.,
2004; Breitenbach and Sandmann, 2005). A recent study characterized the Y9 locus
of maize to code for a ζ-carotene isomerase (Z-ISO), and put forward the existence
of such an activity across higher plants (Li et al., 2007). The pathway then bifurcates
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Figure 1. Simplified isoprenoid and carotenoid pathways. Names of plant enzymes are in blue, those of
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into two branches through the action of lycopene β- (LCY-b and chromoplast-specific
BETA; Ronen et al., 2000) and ε- (LCY-e; Cunningham and Gantt, 2001) cyclases. Two
kinds of carotene hydroxylases – cytochrome P450 (CYP97A and C) and non-heme
(CHY) enzymes – hydroxylate the β- and ε-rings to produce xanthophylls (DellaPenna and Pogson, 2006). The β-ε-ring lutein is the most abundant natural carotenoid
present in photosynthetic tissues, while zeaxanthin is the first xanthophyll of the β-βring branch leading to the synthesis of abscisic acid (ABA). The xanthophyll cycle
enzymes zeaxanthin epoxidase (ZEP) and violaxanthin de-epoxidase (VDE) regulate
the amounts of such compounds during day and night: levels of violaxanthin are high
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at night, while those of zeaxanthin, a better quencher of singlet chlorophyll as well
as a ROS scavenger, increase during the day when low lumen pH conditions induce
the VDE enzyme activity. The late biosynthetic steps to neoxanthin and ABA have to
be fully clarified yet. Neoxanthin synthase (NXS) genes, encoding paralogs of BETA
β-cyclase in tomato, have been identified to date only in tomato and potato (Al-Babili
et al., 2000; Bouvier et al., 2000). Nevertheless, tomato beta mutants are not impaired
in neoxanthin biosythesis (Ronen et al., 2000). Arabidopsis is able to produce ABA,
although it lacks a BETA ortholog in its genome. The AtABA4 protein is directly involved in neoxanthin biosynthesis, but analysis of ABA4 mutants and overexpressors
could not clarify whether it coincides with NXS or it is part of a NXS multienzyme
complex (North et al., 2007). The possible multiple routes to ABA formation, involving not only enzymatic cleavage (see below), also await further clarification. Last but
not least, the observed redundancy of carotenoid ortholog and paralog genes/enzymes
is critical for the spatial and developmental regulation of carotenogenesis among and
within species (e.g., Galpaz et al., 2006; Li et al., 2008).
CAROTENOID–SPECIFIC CLEAVAGE DIOXYGENASES PRODUCE APOCAROTENOID
VOLATILES AND ABA PRECURSORS

Plants emit volatile organic compounds (VOCs) with crucial roles in plant-environment
crosstalk, e.g. attraction of pollinators, herbivore deterrence and defense against pathogens. The structure similarity of some flower and spice isoprenoid VOCs (e.g., β-ionone
and safranal) to carotenoids recently led to the discovery of carotenoid-specific cleavage
dioxygenases (CCDs), which belong to a multienzyme family counting nine members in
Arabidopsis (Tan et al., 2003). Biochemical characterization established that most CCDs
have wide substrate promiscuity, but are highly specific for the position of the double bond
that they cleave (reviewed by Auldridge et al., 2006). CCDs also differ for their subcellular
localization: some, like CCD1s, are predicted to be cytosolic; others possess transit peptides
for plastid or plastoglobule targeting (e.g., Tan et al., 2003; Rubio et al., 2008). CCDs include 9-cis-epoxycarotenoid dioxygenases (NCEDs), which cleave epoxy-xanthophylls to
produce xanthoxin, a precursor of ABA (Schwartz et al., 1997). Among CCDs, CCD7 and
CCD8 are strikingly divergent: they cleave carotenoids and apocarotenoids asymmetrically,
and were shown to be involved in the synthesis of a hormone inhibiting lateral branching,
as confirmed by selective chemical inhibition, as well as controlling leaf senescence, root
growth and flower development (Schwartz et al., 2004; Snowden et al., 2005; Sergeant et
al., 2009). CCD genes and enzymes have been characterized in a growing number of species, including fruit, vegetable, flower and field crops (e.g., Simkin et al., 2004a and 2004b;
Ibdah et al., 2006; Garcia-Limones et al., 2008; Huang et al., 2009; Ilg et al., 2009). Because
of their economic value, the CCD-derived apocarotenoid products of Crocus sativus and
Bixa orellana will be dealt more in detail in the following section.
Selected plant species produce specialty carotenoids and apocarotenoids
ACHIOTE (BIXA ORELLANA L.)

Annatto (bixin; European colorant code E160b) is a pigment extracted from achiote
(Bixa orellana) seeds, used in food and cosmetic industry. Structure similarity be-
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tween bixin and the Crocus pigment crocin, as well as the mixture of bixin aldehyde,
carboxylated and methylated forms in annatto, indicated the possible involvement
of CCD, aldehyde dehydrogenase (ADH) and methyltransferase enzymes in the
minipathway (Figure 1). The corresponding genes were isolated from a seed cDNA
library of B. orellana and characterized (Bouvier et al., 2003a). The lycopene cleavage
dioxygenase (BoLCD) is peculiar in that it cleaves lycopene at the 5,6(5’,6’) double
bonds, but neither β-carotene nor zeaxanthin substrates. The bixin ADH (BoBADH)
clustered with cytosolic ADHs, consistently with its putative localization, while the
(nor)bixin MT (BonBMT) shared similar function (methylation of carboxyl groups)
with jasmonic and salicylic acid MTs (Giuliano et al., 2003). Expression of the Bixa
minipathway enzymes in tomato might represent a biotechnological alternative for
annatto production.
SAFFRON CROCUS (CROCUS SATIVUS L.)

Saffron is an expensive spice obtained from the dried styles of saffron crocus (Crocus
sativus), whose distinctive flavor and color are due to picrocrocin, safranal and crocetin-derived apocarotenoids. The biosynthesis starts from the cleavage of zeaxanthin,
to produce cyclic carotenoid VOCs (picrocrocin and safranal) and crocetin, which is
eventually glycosylated to crocin (Figure 1). Some of the genes and enzymes involved
in these steps have been studied. The Crocus CCDs so far characterized are similar to
CCD1 and CCD4 enzymes, are differentially expressed in flower organs and CCD4s
only contain predicted transit peptides for plastid (plastoglobule) localization (Rubio
et al., 2008). The CCD1-like generic CsCCDs possess 9,10 (9’,10’) cleavage activity
on various carotenoid substrates (Bouvier et al., 2003b; Rubio et al., 2008). CCD4like CsCCD4a and CsCCD4b proteins (Rubio et al., 2008) are very similar (98-100%
homology) to the CsZCD enzyme, previously reported to cleave zeaxanthin at the
7,8(7’,8’) positions and giving rise to crocetin dialdehyde (Bouvier et al., 2003b).
CsCCD4 enzymes are longer than CsZCD and carry a plastid transit peptide. They
perform a 9,10(9’,10’) cleavage, and are also able to cleave zeaxanthin, although the
expected apocarotenoids could not be detected by neither LC nor GC (Rubio et al.,
2008). Further investigation is needed to clarify the exact number, protein structure,
and enzymatic activity of Crocus CCD4/ZCD enzymes. Besides apocarotenoid volatiles, water-soluble crocetin glycosides are presumed to accumulate in vacuoles to
confer pigmentation. A UDP-glucose crocetin 8-8’-glycosyltransferase enzyme was
purified from cell suspensions and characterized (Côté et al., 2000), and the product
of the stigma-expressed UGTCs2 gene was shown to glucosylate crocetin aglycones
and glycosides in vitro (Rubio Moraga et al., 2004).
PHEASANT’S EYE (ADONIS SPP.)

The ability to synthesize ketocarotenoids is usually exclusive in some bacteria and
marine organisms. Few plants are known to produce ketocarotenoids, but only two of
them accumulate these pigments at high levels: Adonis aestivalis and Adonis annua,
whose ketocarotenoid content reaches 1% of dry weight in flower petals of the latter
(Renstrøm et al., 1981). Astaxanthin, the high-value ketocarotenoid widely used as
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a feed supplement in aquaculture and poultry farming, is the major ketocarotenoid
accumulated in Adonis flowers: AdKeto genes involved in ketocarotenoid formation
have been isolated and characterized (Cunningham and Gantt, 2005). Interestingly,
both AdKeto1 and AdKeto2 enzymes display high identity (>90%) to CHY enzymes,
but, contrary to the latter, do not possess 3-hydroxylase activity, nor directly synthesize 4-keto carotenoids. Surprisingly, the Keto enzymes were shown to act as either
3,4-desaturase or 4-hydroxylase: in this context, a keto-enol tautomerization mechanism would rather be responsible for ketocarotenoid synthesis. More recently, a novel
approach based on the use of several carotenoid-producing E. coli strains has been
developed in Adonis aestivalis to characterize carotenoid and isoprenoid biosynthesis
enzymes (Cunningham and Gantt, 2007).
PEPPERS (CAPSICUM SPP.)

Pepper and its hot chili varieties have long been cultivated and widely used as food and
additives, also owing to the production of several peculiar carotenoids. Capsanthin, capsorubin and capsanthin 5,6-epoxide are the red carotenoids exclusively accumulating
in Capsicum spp. fruits (Deli et al., 2001). The gene encoding capsanthin-capsorubin
synthase (CCS), involved in the synthesis of these pigments, has been isolated and
characterized: CCS is a bifunctional cyclase enzyme able to use both antheraxanthin
and violaxanthin as precursors and is specifically expressed during chromoplast
development in fruits accumulating ketocarotenoids (Bouvier et al., 1994). Pepper
varieties can be classified according to fruit color: the two main isochromic families
include red varieties, synthesizing capsanthin and capsorubin pigments, and yellow
ones accumulate a carotenoid pool comprising antheraxanthin, violaxanthin (the
precursors of capsanthin and capsorubin) as well as zeaxanthin, α-cryptoxanthin,
α-carotene, and cucurbitaxanthin A (Guil-Guerrero et al., 2006).
Genetically, three independent loci (y, c1, and c2) have been proposed to control
fruit pigmentation. The Ccs gene was determined to be tightly associated with or
to be encoded by the y locus, and yellow fruit phenotypes suggested to result from
deletions of this gene (Lefebvre et al., 1998 and references therein). A more complex
scenario concerns orange-fruited varieties, with two possible genotypes that are
responsible for this colour (Popovsky and Paran, 2000). From the molecular and
biochemical viewpoint, red-fruited varieties display high Ccs and other carotenoid
gene transcript levels, and high red-to-yellow (R/Y) isochromic pigment fraction and
capsanthin-to-zeaxanthin (Caps/Zeax) ratios. Such ratios are very important to select
varieties for paprika production, and are inversely related to the total carotenoid content of pepper fruit (Hornero-Méndez et al., 2000). In contrast, yellow varieties are
generally characterized by low carotenoid gene transcript levels, reduced carotenoid
content, and absence, impaired expression or mutations of the Ccs gene (Bouvier
et al., 1994; Popovsky and Paran, 2000; Ha et al., 2007). Recently, the analysis
of yellow-fruited varieties, containing Ccs genes with premature stop-codons or
frame-shifts in their coding sequences, indicated that post-transcriptional silencing
mechanisms should also be taken into account in the determination of fruit yellow
color (Ha et al., 2007).
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Engineering carotenoids and apocarotenoids in plants
Because of their pro-vitamin A and antioxidant properties, carotenoid biofortification
of major food crops via either conventional or molecular breeding is an important
issue especially in developing countries, where vitamin A deficiency (VAD) poses
serious public health concerns and is responsible for various diseases and mortality
(Al-Babili and Beyer, 2005 and references therein). For two of the three major cereal
crops (in decreasing order of production: maize, rice and wheat), successful carotenoid engineering has been achieved: by de novo synthesis in the case of rice, or by
increasing/optimizing the carotenoid profile in maize (see below). Novel approaches
combining genetic, molecular and bioinformatics analyses open the way to markerassisted breeding for improved carotenoid content in maize and wheat (Harjes et al.,
2008; Singh et al., 2009; Vallabhaneni and Wurtzel, 2009). The Solanaceae family
has been the target of genetic engineering since it includes economically important
crops, among which tobacco, tomato and potato are easily amenable to transformation and have been engineered for carotenoid content with diverse constructs and
strategies. Solanaceous crops are also being targeted by the SOL genomics network
(http://sgn.cornell.edu/), which is expected to unravel the complexity of genomic
information in the coming years and to provide new molecular tools for crop breeding. Other major crops engineered for carotenoid production are canola and carrot.
Altogether, the six mentioned engineered crops (rice, maize, tomato, potato, canola
and carrot) account for almost two billion tons production and 370 million hectares
surface worldwide (Table 1). These data demonstrate how plant-based carotenoid
molecular breeding could provide economic advantages and be a feasible alternative
to chemical synthesis.
Table 1. World 2007 production and area harvested data of the six major crops
already engineered for carotenoid content (Source: FAO Statistics; http://faostat.
fao.org).

Maize
Rice
Potatoes
Tomatoes
Rapeseed
Carrotsa
TOTAL
a

Production
(million metric tons)
785
651
321
126
50
27
1960

Surface
(million hectares)
157.8
157.0
19.3
4.6
30.2
1.2
370.1

includes turnips

Plant carotenoids have been successfully engineered with either plant or bacterial
genes – or combinations of genes from the two sources. Because they display some
particular features, bacterial genes have been used to engineer both early (phytoene
synthesis, desaturation and isomerization) and late (lycopene cyclization, ketocarotenoid biosynthesis) biosynthetic steps and deserve a particular mention. Engineering of early steps using the CrtB and/or CrtI genes, encoding respectively PSY and
PDS (Figure 1), has been obtained in tobacco leaves, tomato fruits, potato tubers,
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and seeds of canola, flax, maize and rice (for details and references, see specific sections below). Overexpression of CrtB results, depending on the plant species, in an
increase of phytoene as well as of compounds further downstream: β- and α-carotene
and lutein. Overexpression of CrtI results, rather than in an increase of its product
lycopene, in a re-direction of synthesis towards the beta-branch (Misawa et al., 1994;
Römer et al., 2000).
Carotenoid biosynthesis enzymes of bacterial origin lack a transit peptide, and when
expressed from the nucleus must be fused to an artificial transit peptide, usually derived
from the RbcS gene, for correct localization in the plastid compartment (Ye et al.,
2000; Fraser et al., 2002; Ducreux et al., 2005; Diretto et al., 2007a). Alternatively,
bacterial enzymes can be expressed directly from the plastid genome. A lycopene
cyclase from Erwinia has been expressed from the tomato plastid genome, resulting
in an elevation of fruit β-carotene levels (Wurbs et al., 2007). The polycistronic nature
of the plastid transcripts allows also the expression of multiple genes under the control
of a single promoter sequence. The Brevundimonas CrtZ and CrtW genes, encoding
respectively β-carotene hydroxylase and ketolase enzymes, have been expressed as a
single operon under the control of a single tobacco plastid promoter, for astaxanthin
production in tobacco leaves (Hasunuma et al., 2008).
Another possibility is the overexpression of bacterial mini-pathways from the
nuclear genome. The CrtI gene from Erwinia is often used in these mini-pathways,
since it contains, in a single enzyme, activities corresponding to plant PDS, ZDS,
CrtISO and, possibly, Z-ISO (Figure 1). This multifunctional bacterial enzyme has
been used, in metabolic engineering efforts, to surrogate the plant enzymes in the
phytoene desaturation/isomerization pathway (Misawa et al., 1994; Ye et al., 2000;
Paine et al., 2005; Römer et al., 2000; Ravanello et al., 2003; Diretto et al., 2007a).
As a consequence, we know very little on the consequences of the overexpression of
the latter enzymes. Examples of mini-pathway expression are the PSY-CrtI-CrtY minipathway overexpressed in rice (Ye et al., 2000), and the CrtB-CrtI-CrtY minipathway
overepxressed in canola and potato (Ravanello et al., 2003; Diretto et al., 2007a). In
some cases, CrtY, which encodes a lycopene β-cyclase, has been shown to be dispensable for β-carotene biosynthesis, probably because the endogenous LCY-b enzymes
are sufficiently expressed. In an engineering tour de force, seven genes involved in
ketocarotenoid formation from three different bacterial genera were introduced into
canola (Fujisawa et al., 2009). Recent combinatorial approaches, based on biolistic
transformation and introducing up to five of plant and bacterial gene constructs of
interest, produced repertoires of plants with several transgene combinations in maize,
showing the potential for pathway investigation and vitamin biofortification (Zhu et
al., 2008; Naqvi et al., 2009).
NON-SOLANACEOUS PLANTS
Rice (Oryza sativa)

Rice dehusked grain is devoid of carotenoids. Overexpression of a PSY gene alone
produced the accumulation of phytoene but not that of downstream carotenoids
(Burkhardt et al., 1997). One of the major biotechnological breakthroughs of the last
decade has been the molecular breeding of golden rice (GR) in both japonica and
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indica backgrounds, whose grain accumulate β-carotene (pro-vitamin A) through the
expression of a minipathway composed of a plant PSY and a bacterial desaturase/
isomerase CrtI under different promoters (Ye et al., 2000; Datta et al., 2003; Hoa et
al., 2003). The synthesis of β-carotene and xanthophylls was made possible likely
by the sufficient expression of endogenous carotene cyclase and hydroxylase genes
in the endosperm (Schaub et al., 2005). In second-generation GR (GR2), the use
of a maize optimized PSY coding sequence increased up to 17-fold and 23-fold the
synthesis of β-carotene and total carotenoids, respectively (Paine et al., 2005). Such
levels allow to efficiently fight VAD with diet-compatible amounts of GR2 (Giuliano
et al., 2008).
Maize (Zea mays)

Maize kernels naturally contain β-carotene and other xanthophylls, albeit at levels
usually insufficient to cover pro-vitamin A recommended daily allowance (RDA)
values. As an alternative to conventional breeding, transgenic maize plants containing
the bacterial CrtB and CrtI genes, controlled by either “normal” or “super” γ-zein
promoters, showed increased total carotenoid levels (especially β-carotene) up to
34-fold, contributing the first transgenic maize designed to alleviate VAD in third world
countries (Aluru et al., 2008). Two recent works showed the dramatic combinatorial
potential of biolistic transformation for fast production of repertoires of multitransgenic
plants in maize biofortified in carotenoids and vitamins. In the first work, Zhu et al.
(2008) introduced up to five carotenoid genes (plant Psy1, Lcy-b and Chy; bacterial CrtI
and CrtW), each with a different endosperm-specific promoter, to produce an array of
transformants with different combinations of transgenes. Transgenic kernels displayed
several phenotypes consistent with the combinations of transgenes integrated. In the
second work, Naqvi et al. (2009) transformed genes for three independent vitamin
pathways (carotenoid, ascorbate and folate) to produce transformants with increased
β-carotene (169-fold), ascorbic acid (sixfold) and folate (twofold).
Canola (Brassica napus)

Overexpression of a bacterial CrtB (PSY) gene in oilseed rape directed by a seedspecific napin promoter and a plastid target peptide was sufficient to increase total
carotenoids 50-fold, mostly α- and β-carotene (Shewmaker et al., 1999). Overexpression of CrtB with different combinations of other genes (CrtI, CrtY and a plant LCY-b)
increased β-carotene levels and β- to α-carotene ratios, suggesting the existence of
carotenoid multienzyme complexes (Ravanello et al., 2003). Downregulation of a
LCY-e diverted the carotenoid flux and increased not only the content of β-carotene
and β-β xanthophylls, but unexpectedly also that of lutein (Yu et al., 2008). More
recently, transformation of seven genes for ketocarotenoid biosynthesis from Erwinia,
Brevundimonas and Paracoccus, each with its own promoter, terminator and transit
peptide, was achieved in canola. Approx. 80% of the regenerated plants retained all
seven genes, and formed orange- or pinkish orange-colored seeds. The total amount
of carotenoids increased up to 30-fold, with β-carotene and ketocarotenoids making
up a significant proportion (Fujisawa et al., 2009).
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Carrot (Daucus carota)

Despite being a traditional and rich source of carotenoids in the diet, molecular research
on carrot carotenoid pathway was reported only recently (Just et al., 2007). Besides
orange-rooted types, carrot germplasm display purple, red, yellow and white root color
phenotypes, combinations of them in root tissues, and tissue-specific accumulation of
the different carotenoids (Surles et al., 2004; Baranska et al., 2006). Ketocarotenoid
engineering was accomplished by overexpressing an algal β-carotene ketolase CrtO
gene in an orange-rooted genotype using three different promoters (Jayarai et al.,
2008). Transgenic roots produced several β-ketocarotenoids but not ketolutein, in
quantities as high as 70% the total carotenoid pool (up to 2.4 mg/g root dry weight).
Transformants were also more resistant to UV-B radiation and oxidative stress than
wt ones (Jayarai and Punja, 2008).
Arabidopsis (Arabidopsis thaliana)

Arabidopsis has been used in fundamental and proof-of-concept studies, also for
carotenoid engineering. Carotenoid engineering in Arabidopsis seeds was achieved
by up-regulation of an endogenous PSY gene, which increased the total carotenoid
levels, namely β-carotene, lutein and violaxanthin (Lindgren et al., 2003). Seeds also
had increased chlorophyll and ABA content, which delayed germination. Comparison
of Arabidopsis with canola and flax seed-targeted transgenic systems, using different
promoters and PSY genes, revealed differences in metabolite flux. In Arabidopsis, the
use of an endogenous AtPSY coding sequence directed the flux towards xanthophyll
end products lutein and violaxanthin. In the other two systems, bacterial CrtB genes
preferentially increased the levels of α- and β-carotene (Shewmaker et al., 1999;
Lindgren et al., 2003; Fujisawa et al., 2008). Transformed Arabidopsis plants more
resistant to elevated light and temperature conditions were produced by up-regulating
an endogenous AtCHY hydroxylase (Davison et al., 2002). This increased two-fold the
xanthophyll cycle pool and levels of zeaxanthin, which has a photoprotective role in
photosynthesis. De novo synthesis of ketocarotenoids in Arabidopsis seeds was brought
by the expression of an oxygenase (ketolase) gene from Haematococcus (Stålberg et
al., 2003). Crossing with PSY-overexpressing lines increased total carotenoid levels by
almost 5-fold and those of major ketocarotenoids 13-fold, demonstrating the pivotal
role of PSY in the governing the metabolite flux in seeds.
SOLANACEAE CROPS
Tomato (Solanum lycopersicum)

Tomato is the best-investigated species within Solanaceae family, due to its importance as food crop and the nutritional value of fruits accumulating lycopene. Parallel
holistic approaches are currently in progress to sequence the gene-rich region of
its genome (Mueller et al., 2009) and characterize the berry ripening process with
transcriptomic (Alba et al., 2004), proteomic (Rocco et al., 2006) and metabolomic
(Moco et al., 2006) approaches.
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Carotenoid studies in tomato fruits, both using both transgenic plants and natural
mutants, have been carried out on several isoprenoid and carotenoid pathway steps.
Within the former, tomato transgenic plants overexpressing a plant 3-hydroxy-3methylglutaryl CoA reductase (HMGR) showed no perturbation of the pathway, while
those up-regulated for a bacterial 1-deoxy-d-xylulose 5-phosphate synthase (DXS)
had enhanced phytoene and β-carotene contents (Enfissi et al., 2005).
In the latter, PSY is the key step in carotenoid biosynthesis, whose modification
affects also other pathways. For these reasons, PSY has been extensively investigated
in tomato: the first example is the antisense silencing of PSY1 (preferentially expressed
in reproductive organs), resulting in a great reduction in flower and fruit carotenogenesis (Bird et al., 1991). In an opposite trial, overexpression of the same gene in a
constitutive fashion produced fruits with earlier lycopene production along development, but showing a lower content of this metabolite at maturity (Fray et al., 1995).
Interestingly, these plants displayed several pleiotropic effects, including albino fruit
production, and reduced plant height and chlorophyll content; these phenotypes find
an explanation in both endogenous PSY1 gene silencing and decrease in gibberellin
(GA) content, derived from the competition of the two pathways for the geranylgeranyl diphosphate pool. Fruit-specific expression of a bacterial PSY gene (CrtB from
Erwinia) produced fruits with higher phytoene, β-carotene and total carotenoid levels,
but did not increase lycopene content (Fraser et al., 2002). In a more recent attempt,
it has been shown that overexpression of endogenous PSY1 is able to perturb not only
carotenoid gene transcripts and metabolites, but also plastid type and development
and the accumulation of several metabolites (Fraser et al., 2007).
Subsequent carotenoid biosynthetic steps have also been altered through the ectopic expression of a bacterial CrtI gene: unexpectedly, β-carotene and xanthophyll
levels in transgenic fruits increased (phenotype partially explained by endogenous
LCY-b up-regulation), while lycopene and total carotenoids were unchanged (Römer
el al., 2000). Large increases in fruit β-carotene and total carotenoids were achieved
manipulating expression of lycopene β-cyclase genes: overexpressing Arabidopsis/
tomato LCY-b genes under the control of chromoplast-specific promoters resulted
in higher β-carotene level up to 7- (Rosati et al., 2000) and 32-fold (D’Ambrosio et
al., 2004), respectively. In a more recent study, an Erwinia CrtY gene was expressed
at the chloroplast level leading to a maximum β-carotene accumulation of 4-fold
in transplastomic fruits (Wurbs et al., 2007). With a different aim, LCY-b was also
silenced using an antisense approach in order to obtain, as expected, higher lycopene
levels in fruits (Rosati et al., 2000).
Tomato fruit has also been investigated as potential target for collecting carotenoid
down-stream compounds. Simultaneous and fruit-specific overexpression of Arabidopsis LCY-b and pepper CHY increased both β-carotene and total xanthophylls, namely
zeaxanthin and β-cryptoxanthin, virtually absent in wild-type fruits (Dharmapuri et
al., 2002). In another attempt, the CrtW and CrtZ genes from Paracoccus encoding,
respectively, a 4,4’ ketolase and a 3,3’ hydroxylase, were assembled as a polyprotein
and expressed in a constitutive manner: transgenic leaves accumulated ketocarotenoids, including canthaxanthin, astaxanthin and ketozeaxanthin, while no alteration in
ketocarotenoid patterns was revealed in tomato fruits (Ralley et al., 2004).
Unintended lycopene accumulation has also been obtained as “secondary effect” in
different studies: ectopic expression of pepper fibrillin gene in tomato fruits did not
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lead to fibril or fibril-like arising but, contrary to the expectations, total carotenoids
and volatiles, lycopene and lycopene-derived apocarotenoids and, in a slighter way,
β-carotene increased in transgenic fruits (Simkin et al., 2007). The effects derived
by the perturbation of pathways not apparently linked to carotenoid biosynthesis are
intriguing: for example, modification of polyamine pathway, by the expression of a
yeast S-adenosylmethionine decarboxylase (ySAMdc) gene (Mehta et al., 2002) led
to an increase in lycopene content up to 2-fold. A strong cross-link between carotenoid biosynthesis and light perception and signaling has been shown: silencing the
expression of LeDet1 and LeCOP1LIKE photomorphogenic repressors (Davuluri et
al., 2005) or overexpressing the blue light photoreceptor cryptochrome 2 (CRY2) (Giliberto et al., 2005) resulted in an enhanced lycopene level, with a maximum of 2-fold
with respect to the control. An opposite phenotype (decrease of lycopene content)
was reported through silencing of LeHY5 gene (Liu et al., 2004). Very recently, the
overexpression of a grape MYB-type transcription factor (TF), producing an increase
in fruit β-carotene content, has opened the way for carotenoid engineering through
the use of TFs (Mahjoub et al., 2009).
An interesting approach in metabolic engineering of carotenoids is represented by
the opportunity to modify the apocarotenoid pattern in tomato fruits: antisense downregulation of the ripening-induced LeCCD1b has been shown to reduce the production
of both β-ionone (derived from cleavage of α- and β-carotene) and geranylacetone
(derived from cleavage of lycopene precursors) in fruits (Simkin et al., 2004a). In
a different study, diversion of apocarotenoid and volatile profiles has been obtained
expressing, in a fruit-specific fashion, the geraniol synthase gene (GES) from basil
(Davidovich-Rikanati et al., 2007): transgenic fruits showed an increase of monoterpenes (geraniol, nerol, citronellol and citronellic acid) at the expense of lycopene content.
These changes deeply altered the flavor of transgenic fruits over control ones.
Potato (Solanum tuberosum)

Potato is the fourth worldwide crop for production and consumption: its tubers are rich
in minerals/micronutrients and vitamin C, but not in pro-vitamin A (Brown, 2005);
moreover, and unfortunately, there is no available source of β-carotene within potato
germplasm, including both current commercial potato cultivars and wild species
(Solanum phureja, one of the few yellow-flesh wild species, show a high content in
total carotenoids, but not in β-carotene) (Morris et al., 2004).
Several attempts have been carried out during last decade to increase the carotenoid
potential in potato. Basically, these studies pointed on either “push” or “block” strategies, respectively through the overexpression of heterologous constructs or silencing
of endogenous genes. As to “push” approaches, similarly to tomato, constitutive or
tuber-specific expression of bacterial genes involved in early steps in the isoprenoid/
carotenoid pathway has been attempted: overexpression of a bacterial DXS caused
an increase in phytoene levels, causing enhanced total carotenoid content, and an
early sprouting phenotype, probably derived from concurrent enhanced levels of
trans-zeatin riboside in tubers (Morris et al., 2006b). In a different study, a bacterial phytoene synthase gene (CrtB) under the control of patatin promoter strongly
increased β-carotene and total carotenoid levels in S. tuberosum and S. phureja tubers
(Ducreux et al., 2005). Interestingly, the accumulation of these metabolites is more
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pronounced in S. tuberosum than in S. phureja tubers, probably due to the fact that the
endogenous carotenoid genes of the latter species are expressed at high levels. In a
more extensive approach, a systematic investigation on modulation of potato leaf and
tuber carotenogenesis has been performed using three bacterial genes (CrtB, phytoene
desaturase CrtI and lycopene β-cyclase CrtY) expressed using different gene/promoter
combinations (Diretto et al., 2007a). Leaves of all transgenic lines displayed, in an
additive way, a strong interference on endogenous carotenogenesis, both at transcript
and metabolite levels. Quite the opposite, tuber total carotenoid content increased in
all the transgenic plants, but only the simultaneous expression of all three genes in
a tuber-specific manner led to a 20-fold increase in transgenic tubers. Furthermore,
these tubers showed a great enhancement of β-carotene up to 3600-fold (47µg/gm
of dry weight), corresponding to the highest content ever reported for any of the four
major crops. These tubers showed a deep-yellow (Golden) flesh and also accumulated
higher xanthophylls levels, as well as phytoene and α-carotene, which are normally
undetected in wild-type tubers.
Within “block” approaches, silencing of genes involved in both ε-β- and β-β- carotenoid branching has been described. Reducing LCY-e (Diretto et al., 2006) or CHY
(Diretto et al., 2007b) expression in a tuber-specific way increased β-carotene and
total carotenoid levels, albeit to a smaller extent than in “Golden” tubers. Contrary
to expectations, silencing of ZEP gene resulted in a dramatic increase in zeaxanthin
and total carotenoids, but not in β-carotene (Römer et al., 2002). Recently, it has been
reported that zeaxanthin from such transgenic tubers is bioavailable to humans. Following ingestion of ZEP-silenced tubers, the zeaxanthin concentration incorporated
into chylomicrons, the lipoprotein bodies that transport hydrophobic compounds
through the body, was significantly increased (Bub et al., 2008).
A third and more recent approach is the “sink” strategy, through the ectopic expression of plastid-associated proteins able to increase the total carotenoid pool: a notable
example of this kind of manipulation is the overexpression of the Orange (Or) locus
from cauliflower (Lu et al, 2006) which produced yellow-fleshed tubers with dramatically high levels of β-carotene (up to 1600-fold) and total carotenoids (up to 7-fold)
with respect to the control. Interestingly, Or tubers were characterized by several
novel features: they synthesize, de novo, phytoene, phytofluene and ζ-carotene, and
chromoplasts containing carotenoid-sequestering structures were observed; moreover,
as positive trait, they continued to enhance β-carotene and total carotenoids during
cold-storage (Lopez et al., 2008) according to a not yet elucidated mechanism.
Potato tubers have also been engineered to produce high-value ketocarotenoids.
Gerjets and Sandmann (2006) constitutively expressed a β-carotene ketolase gene
from Synechocystis in ZEP-silenced tubers to synthesize ketocarotenoids in both
leaves (echinenone, hydroxyechinenone and ketozeaxanthin) and tubers (hydroxyechinenone, ketozeaxanthin and astaxanthin). In a second study, astaxanthin and
ketolutein accumulation was achieved through the overexpression of a green alga
β-carotene ketolase gene (Morris et al., 2006a).
Tobacco (Nicotiana spp.)

The possibility to manipulate the carotenogenesis in several tobacco (N. tabacum and
N. benthamiana) organs has been intensively explored. Expressing a bacterial DXR
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gene in a transplastomic manner led to a general increase in various isoprenoids such
as chlorophyll a, β-carotene, lutein, solanesol and β-sitosterol with no pleiotropic effects on vegetative growth (Hasunuma et al., 2008). CrtI overexpression was shown
to increase β-carotene and β-ring-xanthophyll content, as well as resistance to norflurazon and other bleaching herbicides (Misawa et al., 1994).
Ketocarotenoid induction has been the main goal of metabolic engineering of
tobacco carotenoids. In a first approach, the pepper Ccs, introduced via a viral vector, boosted the de novo accumulation of capsanthin up to around 36% of total leaf
carotenoids in N. benthamiana, accompanied by a strong and unexpected increase
in light-harvesting processes (Kumagai et al., 1998). Another breakthrough is represented by the overexpression of β-carotene ketolase gene from Haematococcus, using
a chromoplast-specific promoter, which induced a massive ketocarotenoid synthesis
in N. tabacum nectaries (Mann et al., 2000). Subsequent attempts encompassed the
simultaneous expression of a 4,4’ ketolase (CrtW) and a 3,3’ hydroxylase (CrtZ) from
Paracoccus, which produced several ketocarotenoids (canthaxanthin, astaxanthin and
ketozeaxanthin) in both tobacco leaves and nectaries at less than 5% of the total carotenoids (Ralley et al., 2004). Through the use of two ketolase (CrtO and CrtW) and a
β-carotene hydroxylase (CrtZ) genes from, respectively, Synechocystis, Nostoc and
Erwinia in different combinations, Nicotiana glauca and Nicotiana tabacum accumulated ketocarotenoids in petal flowers, nectaries and, in a minor fraction, in leaves but
without any significant increase in astaxanthin content (Gerjets et al., 2007; Zhu et al.,
2007a). A transplastomic approach was also devised with the CrtZ and CrtW genes,
but from a different source (the marine bacterium Brevundimonas): transgenic plants
exhibited a reddish leaf color and accumulated extremely high amounts of astaxanthin
(>70% of total carotenoids, >0.5% on a dry weight basis) with no adverse effect on
vegetative growth or photosynthesis (Hasunuma et al., 2008). Interestingly, the new
ketocarotenoid 4-ketoantheraxanthin was detected in transgenic leaves.
Tobacco leaves and reproductive organs have also been investigated for the possibility to modify plastid structures: with this aim, pepper fibrillin was constitutively
introduced in tobacco and transgenic chloroplasts/leucoplasts showed an increased
number of plastoglobules organized in clusters (Rey et al., 2000). Fibrillin overexpressors displayed no alteration in vegetative growth under low light conditions, while
longer main stem, higher number of lateral stems and faster floral development were
observed under higher light intensities, suggesting a role of fibrillin in regulating
plant development vis-à-vis environmental stresses. The relation between carotenoid
pathway and abiotic stress response has been investigated through the overexpression of bacterial β-carotene hydroxylase CrtZ, which led to a higher UV tolerance,
probably due to the involvement of carotenoid metabolites in the non-photochemical
quenching process (Götz et al., 2002).
Tobacco has also been used as a model for investigating the relation between
carotenoid and ABA metabolism: transgenic plants expressing two NCED genes
from Gentiana lutea were characterized for several ABA-related processes: contrary
to expectations, delayed radicle formation and cotyledon appearance were the only
phenotypes detected in these plants, albeit no data were reported on carotenoid composition (Zhu et al., 2007b).
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Conclusions and perspectives
Carotenoid engineering has proven beneficial for improving the nutritional value of
important crops. The integration of genetic, molecular and biochemical approaches,
and the current genomic initiatives are likely to provide further momentum to the
understanding of the (apo)carotenoid pathways in the coming years. Successful
carotenoid engineering through diverse transformation (nuclear, plastid and transient)
approaches has been achieved by acting on most structural genes of the pathway. The
recent modification of carotenoid composition in mutants and transformants for TFs,
light signal transduction factors and plastid-associated proteins (e.g., Davuluri et al.,
2005; Lu et al., 2006; Simkin et al., 2007; Mahjoub et al., 2009) enlarge the palette
of tools for molecular breeding. The development of transformation procedures for
other carotenoid-accumulating species, such as pepper (Lee et al., 2009), potentially
expands the number of target species for (apo)carotenoid engineering.
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Abstract
A proper supply of nutrients to cells in engineered tissues is paramount for an
optimal development and survival of these tissues. However, especially in tissues
with clinically relevant sizes, the mass transport of nutrients into the tissue is often
insufficient to sustain all the cells within the tissue. This is not only the case during
in vitro culture. After implantation of an engineered tissue, a vascular network is not
directly established. Therefore, the mass transport of nutrients is also critical during
the initial period after implantation.
This review introduces the basics of mass transport, leading to the conclusion that
three main concepts can be used to increase nutrient supply in tissue engineering.
These are; increasing the overall diffusion coefficient, decreasing the diffusion distance, or increasing convective transport. Based on these concepts, the main strategies
that have been developed to enhance the supply of nutrients to cells in engineered
tissues will be discussed.

*To whom correspondence may be addressed (J.Rouwkema@ctw.utwente.nl)
Abbreviations: Ja, flux of component a; Da, diffusion coefficient of component a; ca, concentration of
component a; x, distance; u, bulk convective velocity; L, characteristic length; Pe, Péclet number; Na, rate
of mass transfer of component a; A, area across which mass transfer occurs; PFC, perfluorocarbon.
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Introduction
Cells in the human body need nutrients and oxygen to survive. Most tissues in the
body rely on the active transport of blood to supply individual cells with nutrients and
oxygen, with the exception of avascular tissues, such as articular cartilage. Almost
every cell within our body is, therefore, close to a blood vessel. Generally, new blood
vessel formation is required for a tissue to grow beyond 100-200 µm (the diffusion
limit of oxygen)(Carmeliet et al. 2000). For tissues engineered in a laboratory, the
same principles hold true. This poses a significant challenge, since in vitro created
tissue-engineered constructs lack a vascular network and cells receive nutrients by
diffusion over distances that are often on the order of millimetres. However, due to the
consumption of nutrients by the cells and the relatively slow supply by diffusion, only
cells up to a distance of approximately 200 µm have access to sufficient nutrients. For
cells that are further away from the engineered tissue surface, this results in nutrient
limitations, and thus reduced cell proliferation or non-optimal conditions for new
matrix production (Lewis et al. 2005). In turn, this leads to inhomogeneous tissue
formation, with the bulk of matrix in the periphery and little in the center (Malda et
al. 2004; Wendt et al. 2006).
Apart from the supply of nutrients during in vitro culture, keeping a graft viable after
in vivo implantation is an additional challenge. In order for implanted tissues beyond
a size of several hundreds of micrometers to survive, the tissue has to be vascularized,
meaning that a capillary network should be present in the tissue that delivers nutrients to the cells. After implantation of a graft, blood vessels from the host generally
invade the graft tissue to form such a network, in part due to signals that are secreted
by the implanted cells as a response to hypoxia. However, this spontaneous vascular
ingrowth is often limited to several tenths of millimeters per day (Clark 1939), meaning that the time that is needed for complete vascularization of an implant of several
millimeters is in the order of weeks. During this time, insufficient vascularization can
lead to nutrient deficiencies and/or hypoxia deeper in the tissue. Moreover, nutrient
and oxygen gradients will be present in the outer regions of the tissue, which could
result in non-uniform cell differentiation and integration, and thus decreased tissue
functionality (Malda, Rouwkema et al. 2004).
This review will therefore describe the issues that are associated with the supply
of nutrients to the cells in engineered tissues, both during in vitro culture and after
implantation, and the possible strategies that can be followed to cope with these
problems.
Mass transport
Nutrients are supplied to the cells by the process of mass transport. Mass transport
takes place in mixtures containing local concentration variations (Doran 2000), due to
for example cellular consumption. During in vitro culture, mass transport can occur as
the result of convection and diffusion. Convection is the relatively fast mass transfer
as a result of bulk fluid motion, whereas diffusion is the relatively slow movement of
component molecules in a mixture in the direction of the concentration gradient.
Mass transport of a nutrient within the medium can be described with the convectiondiffusion equation.
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J a = − Da ⋅

dca
+ u ⋅ ca
dx

[Eq. 1]

where:
Ja is the flux of component a
Da is the diffusion coefficient of component a in the medium
ca is the concentration of component a
x is the distance
u is the bulk convective velocity of the medium

[mol m-2 s-1]
[m2 s-1]
[mol m-3]
[m]
[m s-1]

Whether nutrient transport is dominated by diffusion or convection, depends on the
relation between the diffusion coefficient of the nutrient (D) and the flow speed of
the medium (u). This relation between the contribution of diffusion and convection
to the overall transport is described in the dimensionless Péclet number.

Pe =

L ⋅u
D 		
[Eq. 2]

where:
L is the characteristic length
(the distance over which diffusion takes place)
D is the diffusion coefficient of the nutrient in medium
u is the bulk convective velocity of the medium

[m]
[m2 s-1]
[m s-1]

In free solution, convection dominates when Pe >> 1, and diffusion dominates when
Pe << 1 (Friedman 2008). In tissue engineering, cultures are often static, meaning
that no active perfusion is included in the culture regime. The minimal contribution
of convection to the overall transport of nutrients within these cultures, results in a
low Péclet number. Therefore, the contribution of convection to the overall transport
of nutrients is often ignored in tissue engineered constructs (Swartz et al. 2007). In
this case, the transport of nutrients can thus be simply described by Fick’s Law of
diffusion (Eq 3. and Figure 1).

Ja =

Na
dc
= − Da a
A
dx

[Eq. 3]

where:
Ja is the flux of component a
Na is the rate of mass transfer of component a
A is the area across which mass transfer occurs
Da is the diffusion coefficient of component a
x is the distance

[mol m-2 s-1]
[mol s-1]
[m2]
[m2 s-1]
[m]
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Figure 1. The concentration gradient of component “a” in a stagnant system (no convection) inducing
mass transfer across area A. The diffusion occurs in the direction required to destroy the concentration
gradient of the molecular components “a”. The concentration of “a”, varies as a function of the distance
x and Ca2>Ca1. Adapted from Doran (Doran 2000) and Malda et al. (Malda et al. 2008) with permission
of the publisher.

The mass transport of nutrients thus depends both on the diffusion coefficient (D) and
the diffusion distance (x). Therefore, in cases where convective flow is not involved,
strategies to improve mass transfer in tissue engineering should be focused on increasing the diffusion coefficient (by providing an open matrix through which nutrients
can easily diffuse) or on decreasing the diffusion distance.
Cell Nutrition in vitro
Where diffusion and in some cases convection are the processes that take care of the
transport of nutrients into a tissue, consumption by the cells is the main process that
governs the removal of these nutrients. The challenge in tissue engineering is often
to find a balance between these two processes. In cases where the consumption of a
nutrient in a tissue is higher (for instance due to a high cellular density and/or cell
activity) than the transport of this nutrient into the tissue (for instance due to the lack
of convection and/or large diffusion distances), nutrient limitations will occur. This is
translated into a concentration gradient of this nutrient, with a high concentration at
the periphery and a low concentration at the centre (Malda, Rouwkema et al. 2004;
Malda et al. 2004). As a result, cells at peripheral boundaries will experience completely different environmental conditions compared to cells located in the center.
This can lead to tissue necrosis in the center and inhomogeneous tissue development
throughout the construct (Ma et al. 2001; Griffith et al. 2006; Cioffi et al. 2008).
The occurrence of nutrient gradients is a process that plays a role for all nutrients.
However, for the optimization of nutrient supply in tissue engineering, oxygen is often
chosen as a model nutrient to describe gradient formation (Obradovic et al. 2000; Kel-
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lner et al. 2002; Malda, Rouwkema et al. 2004; Malda, Woodfield et al. 2004; Lewis,
Macarthur et al. 2005; Radisic et al. 2006). Oxygen is required for cellular survival
due to its central role as an acceptor of electrons in the mitochondrial respiratory chain
and due to its influence on developmental processes. Due to high consumption rates
combined with low solubility, oxygen is often regarded as the limiting nutrient.
DIFFERENCES IN NUTRIENT CONCENTRATIONS IN VITRO AND IN VIVO

During the ex vivo culture of cells, we aim to mimic the conditions the cells experience
in the tissue in vivo. Clearly, in vitro culture is still distinctly different from and often
only a poor reflection of the in vivo situation. Culture media, for example, function
as the in vitro substitute for the biological fluid present in the normal physiological
environment and are designed to support the growth and or differentiation of cells.
However, development of these media is rather empirical than scientific and there are
striking similarities in the composition of the media used today with those described
more than 50 years ago (White 1946). Moreover, the concentration of the nutrients
is not constant, but goes up and down with depletion and medium changes, even if
only 50% of the medium is replaced per medium change. This could potentially have
substantial effects on the behaviour of the cells (Garcia-Montero et al. 2001).
Oxygen levels are also distinctly different during culture in vitro from those experienced by the cells in in vivo tissue. During isolation of cells from e.g., the cartilage
or bone marrow, cells will be exposed to considerably higher oxygen levels. Further,
standard cultures are performed in medium that is in equilibrium with 21% oxygen,
which is far above physiological levels in the human body (Csete 2005).
As a result of the hampered nutrient supply in vitro, gradients of nutrients and
oxygen will be present in the outer regions of the tissue. These gradients will affect
the development of the 3-dimensional neo-tissue. Non-uniform cell differentiation
and integration and decreased tissue functionality have, for example, been observed
(Malda, Rouwkema et al. 2004; Lewis, Macarthur et al. 2005; Wendt, Stroebel et al.
2006). Mitigation of excessive nutrient gradients by improving nutrient transport is
therefore the key to the development of more homogenous engineered constructs with
improved extracellular matrix formation and functionality.
STRATEGIES TO IMPROVE NUTRIENT SUPPLIES IN VITRO

One of the major obstacles in tissue engineering of thick, complex tissues is to keep
the construct viable in vitro (during cultivation and formation of the tissue) as well as
in vivo (upon implantation). Straightforward approaches, for example using seeding
techniques which ensure a uniform spatial distribution of cells on a scaffold (VunjakNovakovic et al. 1998) do not necessarily address the correct underlying mechanisms
causing these heterogeneities and have, therefore, been unsuccessful to date. As was
discussed in the previous section of this paper, it is the diffusion limitation that will
lead to spatial heterogeneities within constructs, which are characterized by significantly higher cell densities in the peripheral layers relative to the interior (Malda,
Woodfield et al. 2004; Lewis, Macarthur et al. 2005) as well as uneven deposition of
the tissue matrix (Martin et al. 1999). As is clear from equations 1-3, the mass transfer
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of nutrients to the cells within a tissue can be increased by; instituting convective flow
within the tissue, increasing the value for the diffusion coefficient, or decreasing the
diffusion distance to reach the cells in the middle of a tissue. Based on these common paradigms, the following sections will discuss some strategies that are currently
being explored to decrease the diffusion limitation and, thus, increase the supply of
nutrients to the cells within engineered tissues (Figure 2).

Figure 2. Different strategies have been developed to improve nutrient supply in tissue engineering. These
include scaffold-based strategies such as the inclusion of transport channels (increasing the overall diffusion
coefficient) or oxygen generating biomaterials (decreasing the diffusion distance) (A), medium-based strategies such as perfusion bioreactor systems (increasing convective transport) or oxygen carriers (decreasing
the diffusion distance) (B), modular tissue engineering approaches to limit the size of engineered tissues
(decreasing the diffusion distance) (C), and prevascularization strategies to enhance nutrient supply after
implantation (increasing convective transport and decreasing the diffusion distance) (D). Even though all
strategies in itself are capable of enhancing nutrient supply, a combination of multiple strategies is likely
to be necessary for the successful production of clinically relevant tissue volumes.

Bioreactor Culture

Bioreactors can be defined as devices in which biological and/or biochemical processes
develop under closely monitored and tightly controlled environmental and operating conditions (e.g., pH, temperature, pressure, nutrient supply, and waste removal)
(Martin et al. 2004). One of the aspects that initiated bioreactor development in the
field of tissue engineering was the improved nutrient and oxygen delivery to the cells
inside the tissue, allowing for an increase in the volume of the engineered tissue. This
has been achieved with the development of perfusion bioreactor systems. With these
systems, culture medium is actively perfused through the engineered tissue instead
of around it, meaning that nutrients are no longer only transported to the cells within
the tissue by means of diffusion but also by convection. As can be seen in equation 1,
the contribution of perfusion to nutrient transport is directly related to the velocity of
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the medium. In order for the contribution of perfusion to nutrient transport to become
significant, the velocity should be high enough so that the Péclet number becomes
larger than 1 (see equation 2).
An additional effect of the movement of medium within a bioreactor, either outside the tissue (e.g., spinner flasks and rotating bioreactors) or within the tissue (e.g.,
perfusion bioreactors), is that shear stresses are imposed on the cells of the tissue.
Even though these shear stresses are often beneficial and can result in activation of
cell growth, cell differentiation or matrix production, high levels of shear stress can
be detrimental for tissue engineering. Therefore, when designing a bioreactor system,
care has to be taken that the levels of shear stress do not exceed critical values. Apart
from that, the formation of extracellular matrix during the in vitro culture of tissues
can result in densification of the tissue. Due to this, the perfusion of medium through
the tissue can become difficult over time. In such cases, channels can arise within the
tissue through which the medium is perfused (Bancroft et al. 2002). Depending on the
distance between these channels, this again can result in nutrient limitations.
Scaffold Architecture

In static cultures, the transport of nutrients within scaffold-based engineered tissues is
based on diffusion. Since the diffusion coefficients of nutrients in scaffold materials
are generally relatively low, the design characteristics of the scaffold can have a
major impact on nutrient limitation within the graft. For example, increasing the
pore interconnectivity creates channels through which the nutrients can diffuse.
Since the diffusion coefficient in the medium in these channels is higher then the
diffusion coefficient in the biomaterial, this reduces the diffusion barrier. In addition,
the interconnections between pores facilitate angiogenesis and extracellular matrix
infiltration.
When designing scaffold porosity, it should be kept in mind that, apart from
influencing the mass transport of nutrients in the scaffold, the porosity will have an
effect on tissue development. Apart from that, specific tissue engineering applications
may have different porosity and pore size requirements. For instance, a study by
Marshall et al. indicated that an average interconnecting pore size of 70 µm is
optimal for host blood vessel growth in porous collagen type 1 – polyHEMA scaffolds
implanted subcutaneously in mice (Marshall et al. 2004). On the other hand, a study
by Pilliar suggested that scaffold architectures containing interconnecting pores greater
than 100-300 µm in diameter are necessary to support spatially uniform cell seeding,
osteogenesis and vascular invasion in scaffolds for bone ingrowth (Pilliar 1987).
However, even though the scaffold design will need to be optimized for different
tissue engineering applications, in general it is preferable that scaffolds have an
interconnecting pore volume to maximize the average diffusion coefficient and thus
to optimize the mass transport of nutrients (Hutmacher 2000).
Further, recent advances in both computational topology design and solid freeform fabrication, or rapid prototyping, provide the opportunity to create more physiologically realistic grafts with controlled architecture (Sachlos et al. 2003; Malda,
Woodfield et al. 2004; Wilson et al. 2004; Hollister 2005). This for example allows
the formation of organized networks of channels that can be perfused with culture
medium (convection), mimicking vascularized tissue thus reducing the diffusion
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distance. Such artificial vasculature with organised hierarchical channels can even
be lined with endothelial cells, thereby forming an enclosed functional vasculature
(Fidkowski et al. 2005).
Oxygen Carriers and Oxygen Generating Scaffolds

As stated previously, oxygen is often regarded as the limiting nutrient in tissue engineering. Therefore, several strategies have been developed that specifically target
the distribution of oxygen within engineered tissues. One such strategy, inspired by
the role of hemoglobin in oxygen transport in the body, is the inclusion of an oxygen
carrier in the culture medium. Two main groups of artificial oxygen carriers have been
studied in the field of tissue engineering; those that are based on modified hemoglobin
and those that are based on perfluorocarbon (PFC) (Centis et al. 2009).
PFC is a compound that is not miscible with water. Therefore, PFC has to be brought
into an emulsion with the medium. Since the PFC droplets are immiscible, they serve
as rechargeable oxygen reservoirs. As oxygen is consumed by the cells and thus depleted from the aqueous phase of the culture medium, it is replenished by diffusion
of dissolved oxygen from PFC particles. This replenishment of oxygen decreases the
diffusion distance and as such influences the mass transport of oxygen (see equation
1). As a result, the total oxygen content of the PFC-supplemented medium is higher,
supporting higher cell density. However, the oxygen partial pressures measured in
the aqueous phase of PFC-supplemented and -unsupplemented medium are the same,
and the replenishment of oxygen from the PFC particles does not increase the oxygen
concentration in culture medium (Radisic et al. 2005; Radisic et al. 2006).
Apart from supplying oxygen carriers to the medium, the development of oxygen
generating scaffolds in tissue engineering has been reported. Oxygen generating
biomaterials were developed by the inclusion of for instance calcium peroxide (Oh
et al. 2009) or sodium percarbonate (Harrison et al. 2007) into polymer scaffolds.
Upon contact with water, these salts decompose producing oxygen as well as several
biocompatible byproducts. By tuning the degradation properties of the polymer,
oxygen can be released over a timeframe ranging from days to weeks thus increasing
the oxygen concentration at the cellular level. Although oxygen generating scaffolds
could prove to be useful, it should be noted that even though oxygen is generally
regarded as the limiting nutrient in tissue engineering, limitations and gradients of
compounds like glucose and growth factors are not affected by this strategy. Apart
from that, an excess of oxygen in the medium surrounding the cells without an appropriate carrier such as hemoglobin can induce the presence of free radicals, which
are cytotoxic (Martin et al. 2005).
Modular Tissue Engineering

A recent development to prevent nutrient limitations during in vitro culture is bottomup or modular tissue engineering. The rationale behind this approach is to use a large
number of small simple tissue units (micro-tissues) to build larger, more complex
tissues. By limiting the size of the micro-tissues, the diffusion distance is minimized
thus optimizing the mass transport of nutrients from the medium into the tissue (see
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equation 3). As such, the micro-tissues can be maintained in standard static cultures
without nutrient limitations. By culturing high quantities of micro-tissues, large volumes of tissue can be maintained without the need for extra measures to ensure the
sufficient supply of nutrients. Only after the combination of the micro-tissues into
the bigger tissue (which could be performed shortly before implantation), nutrition
has to be taken into account again
The combination of tissue units into bigger more complex tissues is a subject that
has attracted attention over the past few years. While tissue units can be packed
into a predefined volume randomly to create bigger tissues (McGuigan et al. 2006;
McGuigan et al. 2007) (Kelm et al. 2006), a more controlled method of combining
tissue units is often preferable in order to better control tissue architecture. A method
that is being explored to achieve this goal is the depositioning or printing of cell units
into topologically defined structures (Jakab et al. 2004; Jakab et al. 2008). This highly
versatile technique allows for the precise control of tissue architecture. However, since
the number of tissue units that are needed to prepare a tissue of clinically relevant
size (in general several mm3) is very large, the deposition of small single tissue units
into their preferred location is often not an option. Therefore, a method that (partly)
relies on the spontaneous organization of tissue units can be preferable (Whitesides
et al. 2002; Du et al. 2008).
It is unlikely that nutrient deficiencies will occur in the small tissue units, however
deficiencies will inevitably occur when the micro-units are combined into a bigger
tissue. Thus, even though modular tissue engineering is a promising strategy to prevent
nutrient limitations during an important part of in vitro culture, additional measures
are necessary to prevent limitations in subsequent steps, for example after implantation of the engineered tissue.
Nutrient transport in implanted engineered tissues
The supply of nutrients to engineered tissues is not only an issue during in vitro culture,
but also after the implantation of these tissues. Apart from diffusion, the transport of
nutrients to the cells within a tissue in the body is facilitated by two processes; convection of blood in the vascular system and convection within the interstitial fluid. The main
process that transports nutrients to the close vicinity of most cells in the body is the
convection of blood in the vascular system. Three distinct structures can be distinguished
in this vascular system. These are the macrovessels (arteries and veins), that branch into
microvessels (arterioles and venules) and finally into capillaries. The capillaries facilitate
the actual distribution of nutrients to the tissue in the body and as such decrease the diffusion distance from the vascular system to the cells. They distribute the blood over the
tissue while lowering the pressure head, allowing blood to diffuse into the tissue. Most
tissues in the body have a high density of capillaries to ensure that sufficient nutrients
can be transported into close range of all the cells within the tissue. No exact number for
the capillary density can be given since this varies between tissues and individuals, but a
histological study by Awwad et al. shows that in carcinoma of the cervix uteri the average
intercapillary distance is approximately 300 microns (Awwad et al. 1986). This number,
which correlates to a maximum distance of a cell to the nearest capillary of 150 microns,
correlates well with the maximum oxygen diffusion range (Carmeliet and Jain 2000).
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Even though the convection through blood vessels and the subsequent diffusion of
nutrients from the vessels to the cells within the interstitium are the main processes of
nutrient transport in natural tissues, convection within the interstitial fluid is another
process that can aid in the transport of nutrients. Interstitial flow is closely linked
with lymphatic drainage, which returns plasma that has leaked out of the capillaries, owing to hydrostatic and osmotic pressure differences, to the blood circulation
(Schmid-Schonbein 1990). As opposed to the flow of blood in the vascular system,
interstitial flow is a slow process. Although the exact velocity ranges of this flow are
unknown, measurements have suggested that they are in the order of 0,1 to 2 microns
per second (Swartz and Fleury 2007). Since the interstitial flow rates are so small,
which means that transport due to diffusion is often much faster, the contribution of this
process to the transport of nutrients is often ignored. However, the role of convection
in the overall distribution of proteins can be significant. Diffusion is inversely related
to molecular size and many biologically significant proteins, pharmaceuticals, and
delivery vectors are quite large, leading to small diffusion distances over biologically
relevant timescales. Apart from that, ionic interactions between solutes and certain
matrix components, can further reduce diffusivities. Convection, however, is only
weakly tied to molecular size, which means that for larger molecules, convection
becomes more important in governing their transport compared to diffusion (Swartz
and Fleury 2007).
STRATEGIES TO ENHANCE VASCULARIZATION AFTER IMPLANTATION

Cultured tissues generally do not contain a vascular transport system. Since this results
in a lack of convective transport, the cells within the tissue have to rely mainly on
diffusion after implantation, which is often insufficient to supply the cells in the inner
regions of the tissue due to excessive diffusion distances (see equation 1). After the
implantation of engineered tissues, a spontaneous vascularization of the implant is
generally seen. This is in part due to an inflammatory wound-healing response, induced
by the surgical procedure. Furthermore, the seeded cells often create a hypoxic state
in the implant, which stimulates the endogenous release of angiogenic growth factors
(Laschke et al. 2006). However, as mentioned previously, this induced vessel ingrowth
is often too slow to provide adequate nutrient transport to the cells in the middle of
the transplanted tissue. Therefore, additional strategies to enhance vascularization are
essential to ensure the survival of large tissue engineered grafts.
Several strategies to enhance vascularization of tissue engineered constructs after
implantation are currently under investigation. These include scaffold design, the
inclusion of angiogenic factors, in vivo prevascularization and in vitro prevascularization (Rouwkema et al. 2008). Although all these strategies can in principle enhance
vascularization after implantation, the degree to which these strategies are able to
enhance vascularization varies. The first two approaches, scaffold design (Lee et al.
2008) and angiogenic factor delivery (Richardson et al. 2001; Chen et al. 2007), both
rely on the ingrowth of host vessels into the entire implanted construct. Therefore,
although these strategies are able to increase the rate of vascularization, it would still
take multiple days to weeks before the centre of the implant becomes perfused. In
contrast, in vivo prevascularization can in principle result in the instantaneous perfusion
of a construct after implantation at the final site, since the construct is microsurgically
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connected to the host vasculature (Kneser et al. 2006). However, before implantation
at the final site, a pre-implantation period is necessary, during which the implant has
to rely on a spontaneous angiogenesis from the surrounding vessels into the construct. Therefore, nutrient limitations are likely to occur during this stage. For in vitro
prevascularization, endothelial cells are added to the tissue construct during culture
to form a vascular network before implantation (Black et al. 1998; Rouwkema et al.
2009). In vitro prevascularization does not result in the instantaneous perfusion of a
construct, since vessels have to grow from the host into the construct until they reach
the vascular network that was formed in vitro (Levenberg et al. 2005; Tremblay et al.
2005). The invading vessels can then connect to the present vasculature, meaning that
the entire construct becomes perfused with blood. When compared to scaffold design
and angiogenic factor delivery, this method can dramatically decrease the time that
is needed to vascularize the implant, since host vessels do not have to grow into the
entire construct, but only into its outer regions (that is, until the ingrowing vessels
meet the preformed vascular network).
Concluding remarks
It is clear that nutrient supply is a critical and often overlooked issue in the field of
tissue engineering. Over the last decades, much research efforts have been directed
towards the prevention of nutrient limitations during in vitro culture through for
instance bioreactor culture, scaffold design and modular tissue engineering. Apart
from that, oxygen carriers and oxygen generating scaffolds have been developed to
specifically prevent limitations of the component that is commonly regarded as being
the limiting factor in the engineering of three-dimensional tissues. Even though these
latter strategies can contribute to the prevention of oxygen limitations, an increase
in tissue size will inevitably lead to other limiting nutrients. Therefore, we feel that
the further development of strategies that target nutrient transport in general, such as
modular tissue engineering and perfusion bioreactors, are most promising for in vitro
engineering of large tissue volumes.
However, engineering a large tissue construct in vitro is only useful when the cells
in the construct are able to survive the initial period after implantation. This should be
considered when designing engineered tissues for implantation purposes. Although a
natural vascularization process is initiated after the implantation of a tissue construct,
this response is generally insufficient to prevent nutrient limitations in large tissue
volumes. Since tissue engineering is rapidly progressing towards the translation from
a laboratory situation to clinical applications (Leeuwenburgh et al. 2008), we predict
that strategies to decrease nutrient limitations in vivo will attract increasing attention
in the coming years.
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Abstract
Insects have extremely sensitive systems of olfaction. These systems have been explored as potential sensors for odourants associated with forensics, medicine, security,
and agriculture application. Most sensors based on insect olfaction utilize associative learning to “program” the insects to exhibit some form of behavioural response
to a target odourant. To move to the next stage of development with whole-insect
programmable sensors, an examination of how odourants are captured, processed
and used to create behaviour is necessary. This review article examines how the neurophysiological, molecular, genetic and behavioural system of olfaction works and
how an understanding of these systems should lead the way to future developments
in whole-insect programmable sensors.
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Introduction
Most animals have evolved highly sensitive olfactory systems which respond to
odours in their environments. Insects in particular must navigate their environment
using visual, olfactory, and tactile signals received and processed by their sensory
systems to control behavioural responses to food, predators, mates or hosts necessary
for individual and collective survival. Insects have very robust and extremely sensitive olfactory systems with extraordinarily high discriminating abilities to identify
specific odours with only a small number of molecules (Angioy et al., 2003). There
are a number of known examples in which olfaction is known to play a significant
role in the behaviour of insects. Some of the more interesting are: The malarialvector mosquito Anopheles gambiae detects their human host by body odours and
CO2 (Takken, 1996); the males of the sphinx moth Manduca sexta use pheromones
released by female to find mates (Hildebrand, 1995); the honeybee Apis mellifera
learns different odours to form navigational memories and use them for foraging
behaviour (Galizia and Menzel, 2000; Reinhard et al., 2004); and parasitic wasps,
such as Microplitis croceipes, detect odours produced by plants in response to host
feeding (Lewis and Takasu, 1990).
Learning can be defined as a process by which a change in behaviour is exhibited
as a result of experience (Thorpe, 1963). The extremely sensitive nature of the insect
olfaction system is enhanced by the ability to learn to associate external stimuli with
resources, such as food, hosts, and mates. Associative learning in insects has been
studied using classical and operant conditioning. The sophisticated ability of honeybees
to learn through the notable work of von Frisch (1915, 1950) and Menzel (1985) and
more recently the studies of learning in parasitoid wasps and fly species (reviewed
in Vet et al., 1995) have been extensively studied. In addition, insects can be trained
to associate simultaneously two different odours with food and host rewards (Lewis
and Takasu, 1990) or successively to two different odours with the same reward (e.g.,
Takasu and Lewis, 1996). This training is particularly simple for some parasitic
wasps; they can be trained within 5 minutes (Lewis and Takasu, 1990; Takasu and
Lewis, 1996). There are three primary factors in associative learning that affect how
well insects are conditioned to an single odour source. These are the number of trials
the insect is provided an odour [conditioned stimulus(CS)] immediately followed by
feeding on sugar water [reward or unconditioned stimulus (US)], the length of time
the insect is given food while exposed to the odour and the time interval between each
trial. Another significant factor in the level of conditioning received is the physiological
state of the insect; Starved parasitic wasps have been conditioned using food as the
unconditioned stimulus, while satiated wasps were shown to be more easily conditioned using host frass as the US (Lewis and Takasu, 1990). This and other studies
on associative learning in insects have led to the generally accepted conclusion that
associative learning is a ubiquitous trait in insects (Dukas, 2008).
There have been a few studies, including those by the authors, which have demonstrated the ability to condition wasps, bees, and moths to odours of human interest and
to detect these odours through measurable behavioural responses. The conditioned
response (CR), such as the proboscis extension response (PER) and area-restricted
searching are used as active feedback indicators of the presence of the odours of
interest. Examples include conditioning parasitic wasps, moths and honey bees to
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chemicals associated with explosives, food toxins and plant odours. In these studies,
insects are contained and observed using electronic interfaces that measure behavioural
responses, or released and allowed to search and find an odour source.
There are many characteristics of insect olfaction that makes them useful as chemical
detectors, some of which are: 1) the ability to detect low levels of chemical odours
(Rains et al., 2004), 2) the ability to detect and respond to odours in a background of
non-target odours (Rains et al., 2006), 3) a short generation time which allows many
life cycles to be produced in a short period of time, 4) the ease of rearing large numbers, 5) the great diversity of insects which allows us to draw upon different species
for use in specific habitats or environments (e.g. flying, ground-dwelling or aquatic,
nocturnal or diurnal, piercing-sucking or chewing mouthparts, large or small-sized),
and 6) the ability to be conditioned to odours in a matter of minutes.
During the last three decades discoveries in anatomy, neurophysiology and molecular
biology that underlie insect olfactory systems have allowed us to uncover, for example, the functionalities of the various components of the olfaction system and some
of the mechanisms underlying olfactory memory formation. These discoveries have,
however, led to new questions such as: What, where, and how is odourant information processed and stored? How reliable is the information stored and for how long a
period can the information be stored? How are memories synthesized with acquired
information, either through learning or experience? How does odour discrimination
affect behavioural control in the brain? Where do cellular memory traces occur within
the olfactory nervous system in response to learning? The answer to these questions
and others are difficult challenges. From the time a molecule is captured by odourant
binding proteins in the antennal sensillum, to the body movements elicited by motor
neurons as a behavioural response, we seek a better understanding of how sensory
signals cause behaviour and how behaviour controls sensory processing. Through a
clearer understanding of how the behavioural, physiological, genetic and molecular
levels interact, we believe that whole-insect programmable sensors can be developed
for chemical detection, and serve as models for development of better electronic
chemical sensing systems as well.
Current whole-insect programmable sensors
Whole-insect programmable sensors were initially investigated under military funding
to detect landmines, explosives and toxins. However, additional application areas are
numerous and include, but are not limited to such things as detection of leaks, food
toxins, plant and animal disease, drugs, cadavers, gravesites, accelerants used for
arson, termite infestations, and minerals.
Insect chemical detectors have been developed and reported using honey bees, hawk
moths and parasitic wasps. Honey bees are easily reared and studies of their learning
and sensing abilities are extensive, providing much background information. The hawk
moth is of interest in agriculture as a pest in the larval stage and its large size has
made it a useful model for examining the olfactory system. Parasitic wasps have been
studied as beneficial insects in agriculture and their tri-trophic interaction with plants
and hosts has revealed an intricate foraging strategy for finding food and hosts.
Honey bees learning ability, and memory of learned stimuli have been examined
to determine their ability to forage and navigate landscapes using visual and olfac-
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tory cues. These studies have proved useful in determining how they may be used as
chemical sensors. Recent studies have examined the discriminatory abilities of honey
bees to changing concentrations of odourants the bees were trained to detect along
with chemicals of similar molecular structures (Wright and Smith, 2004; Wright et
al., 2005). Interestingly, honey bees classically conditioned to a low concentration of
a target odourant are able to distinguish that odour from molecularly similar odours;
but, recognize these odours as the same when conditioning at higher concentrations.
It was concluded that odour intensity may be a salient feature of the odourant at low
concentration, but not at higher concentrations. Honey bees also appeared to generalize
the identity of an odourant mixture using one odour within that mixture, as long as
it remained constant during conditioning. Test trials were conducted with all odours
in the mixture but one varied during conditioning. Subsequent tests with individual
odours found the strongest PER to the odour that was held constant. A related study
also found that at lower concentrations, the time the bee is allowed to sample the
odour while feeding on sugar water increases their ability to distinguish that odourant
(Wright et al., 2009). Other important studies have examined the effects of latency,
overshadowing and blocking of conditioned odours within odour mixtures (Hosler
and Smith, 2000, Linster and Smith, 1997). These and other studies provide strong
background for how to implement conditioning and testing mechanisms in wholeinsect programmable sensors.
In most studies of the response to conditioning, honey bees are held in a harness
and the PER measured as odours are passed over the antennae. This method is also
utilized in a commercial device developed by Inscentinel Ltd. Other methods have
examined the use of free-flying bees and light detection and ranging (LIDAR) to track
bee location (Hoffman et al., 2007).
M. sexta, has also been studied extensively and has provided some very useful
insights into the physiology and biological processes that govern insect olfaction
(reviewed later). A device using 10 hawk moths was developed to electrically monitor the feeding muscles to determine when cyclohexanone was detected (King et al.,
2004). Although this device was too large as built for easy transportation, it would be
trivial to miniaturize to proportions that make it portable. Also an electroantennogram
(EAG) quadroprobe device utilizing the antennae and whole organism of two moth
species, Helicoverpa zea and Trichoplusia ni, has been developed and tested to detect
odour plumes (Myrick et al., 2009, Park et al., 2002). Antennae are either excised
or used directly on the insect and EAG response recorded and analyzed, leaving the
interpretation of the raw signals to analysis software. Using whole insects, the probe
response was conserved for up to 24 hours and was able to classify individual odourant plumes in less than 1 second.
M. croceipes has been studied for its ability to forage effectively for hosts and
nectar sources. Several studies have examined the wasp’s ability to learn, retain,
discriminate, and respond to odourants, both within and outside their natural habitat
(Takasu and Lewis, 1996). M. croceipes has also been tested against the electronic
nose, Cyranose 320 (Smiths Detection, Inc.) and was found to be almost 100 times
more sensitive to the chemicals, myrcene and 3-octanone (Rains et al., 2004). In
the case of this parasitic wasp, a positive response to the target volatile chemical is
measured by a movement of the wasp body and antennae around the location of the
odour source when the unconditioned stimulus is food. Parasitic wasps were also
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demonstrated to respond with context-dependent behavioural movements depending
on the resource the odourant was linked to (Olson et al., 2003). M. croceipes were
conditioned to an odourant while feeding on sugar water. After a minimum of 15
minutes, the same wasps were conditioned to a different odourant while stinging
their host, H. zea. Consequently, when each wasp was presented with one of the
conditioning odourants, the wasps responded with either foraging behaviour (food)
or a stinging behaviour (host). Further studies have revealed that M. croceipes can
also discriminate molecularly similar odourants (Meiners et al., 2002). Further studies
are needed to understand the affect of odour mixtures and when an odour becomes
unrecognizable to the olfactory sensory system.
To utilize the parasitic wasp as a sensor, a device called the Wasp Hound, was
developed and has been used to detect the odours associated with Aflatoxin in foods
(Rains et al., 2006) and animal carcasses (Tomberlin et al., 2008). Wasps are placed
in a small cartridge and sample air passed through. A web camera records images of
wasp behaviour and the Wasp Hound connected to a software program called Visual
Cortex that analyzes the wasp response and indicates the response as a real-time
graph (Utley et al., 2007).
Future developments
The above described examples of whole-insect programmable sensors, with the exception of the EAG quadroprobe, use crudely adapted methods of direct behavioural
response to determine when the insect has detected a target odourant. For example, the
Wasp Hound measures the crowding of wasps response to the presence of the target
odourant around the inlet where the sample air is pumped into the device (Rains et
al., 2006). However, the entire repertoire of behaviours also encompasses the initial
recognition of the odour, its quality, and possibly its quantity (concentration) as
well. As discussed with honey bees, odourant concentration is a salient property, at
least at low concentrations. However, the PER response may also be dependent on
the perception of whether the odour source is near or far. A PER response by honey
bees would necessarily be perceived as a direct contact with the odour source (close
proximity to odour source). Consequently, other behavioural responses may be more
evident when the odour is perceived to be a distance away. The basic hypothesis is
that odour characteristics (quality and quantity), along with what has already been
learned and stored in memory control the signals to motor neurons that control movement and behaviour. If behaviours could be observed and analyzed to determine what
sensory characteristics caused that behaviour, insect sensors could be used to measure
concentrations and track odours to the source (Rains et al., 2008).
To adapt systems that extract this information from a whole-insect programmable
sensor, more targeted research is necessary that examines the processes that direct
learned behaviour at the molecular and genetic level. Neuronal signals to the mushroom
bodies and lateral horn (Figure 1) that are derived from learning new experiences,
combined with memory of past experiences in the brain centre, results in signals
to motor neurons that result in complex behaviours. Determining the how and why
a specific behaviour occurs at the molecular level should lead to methods to better
utilize the insect olfaction system as a chemical detector. To that end, we will now
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review the olfactory system of insects and computational models that examine the
process of olfaction. As part of that review, we will introduce potential opportunities
and obstacles for chemical detection system development.

Figure 1. Organization of the insect olfactory system. The first level of odour processing in insects occurs
at the antennae. Olfactory receptor neurons (ORNs) inside the insect antennae are compartmentalized into
sensory hairs called sensilla (each sensillum contains the dendrites of up to four ORNs). The odourants in
the air enter the sensillum through pores in the cuticle of the antennae. Then the ORNs in the sensillum
generate odour specific electrical signals (called spikes) in response to the odour. The axons of the ORNs
join to the antennal nerve, and project to the antennal lobe. The future processing of the olfactory information
occurs in the antennal lobe before it is sent to protocerebrum. The antennal lobe contains globular shaped
structures called glomeruli. They are the projection fields of the olfactory receptor neurons onto the second
order neurons, which are called projection neurons (PNs). The glomeruli also contain the processes of local
interneurons that branch to multiple glomeruli, and transfer the olfactory information between glomeruli.
Individual ORNs send axons to only one or a few glomeruli, and individual PNs typically innervate only
one single glomerulus. The axons of PNs project to the mushroom body (MB) and lateral horn of the brain.
The mushroom bodies are located in the protocerebrum and are the centres of higher order processing in
insects. They are a paired structure consisting of thousands of small intrinsic nerve cells (Kenyon cells).
These Kenyon cells have their projections within mushroom body structure. They receive sensory information via the dendritic calyx, and send axonal projections to the anterior brain where they bifurcate to form
the medial and vertical lobes. The mushroom bodies are also involved in olfactory memory formation. The
lateral horn is the PN axon terminal field and is involved in odour recognition.

Features of insect olfactory system
In general, insects use their antennae for olfaction and olfactory receptor neurons
(ORNs) in the antennae generate odour-specific electrical signals called spikes (Hallem and Carlson, 2004). These spikes can be recorded using an EAG and have been
used to understand how odourants initiate signals in the olfactory system. A signal
pathway model given in Figure 1 has four distinct components: antennae, antennal
lobes, mushroom bodies and lateral horn. The antennae have the sensory neurons in
the sensilla hairs and their axons (Figure 2a) terminating in the antennal lobes (AL)
where they synapse with the neurons in the spherical units (Figure 2b) called glomeruli
(GL). These AL’s have two kinds of neurons, excitatory projection neurons (PN) and
inhibitory local neurons.
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Figure 2a. A parasitic wasp, Microplitis croceipis. Olfactory receptor neurons (ORNs) are
compartmentalized into sensory hairs called sensilla on the surface of the antennae.

Figure 2b. Insect olfactory sensilla. The ORNs are compartmentalised into sensory hairs to detect odourants
which are called sensilla. Each sensillum contains the dendrites of up to four ORNs. The sensillum has three
major morphological types: basiconic, coeloconic and trichoid. Odourants in the air enter the sensillum
through pores in the cuticle. ORNs project their axons to glomeruli in the antennal lobe.
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The projection neurons send their axon terminals to the mushroom body (MB) and
lateral horn (LH) both of which are part of the protocerebrum of the insects (Figures
3 and 4). The inhibitory local neurons have no axons. Recordings from projection
neurons show in some insects strong specialization and discrimination for the odours
presented (e.g., the projection neurons of the macroglomeruli, a specialized complex
of glomeruli responsible for pheromone detection). How information passed to the
mushroom bodies is stored and processed to in-turn send signals via motor neurons
to muscles that control complex behaviour is not exactly known though some preliminary studies shed some light on the subject. How this occurs will unlock a key
component in understanding the basis for behavioural responses to resource needs,
such as food and mates. This in turn is important to understanding and developing
sensors that can, from behavioural cues, know what sensory inputs are causing them.
Model organisms such as the fruit fly, Drosophila melanogaster, help develop general
conceptual models of olfactory systems and their operational principles; but each
type of insect has its own systemic specificities. For example, Drosophila antennae
have approximately 1200 ORNs, and the maxillary palps 120 (Shanbhag et al., 1999,
2000; Stocker, 1996).

Figure 3. The insect antennal lobe. ORNs send axons from the insect antenna to the antennal lobe via
the antennal nerve. ORNs synapse onto second order neurons called projection neurons (PNs) in the AL.
The AL can be subdivided into spherical units called glomeruli. Individual ORNs send axons to only one
or a few glomeruli, and individual PNs typically innervate only a single glomerulus. The glomeruli also
contain the processes of local interneurons that branch in multiple glomeruli, and transfer information
between glomeruli. The projection neurons project to higher brain centres such as the mushroom body and
lateral horn of the protocerebrum. The local neurons, which are primarily inhibitory, have their neurites
restricted to the antennal lobe.

The sensilla hairs in the antenna are categorized into basiconic, coeloconic and trichoid morphological types, the dendrites of up to four ORNs occupy each sensilla.
The AL can be subdivided into around 43 GLs, and axons from each ORN can connect to only one or a few glomeruli, and an individual PN typically innervate only a
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Figure 4. Horizontal section through the brain of the insect showing the main elements of the olfactory
pathway. The antennal lobes and their glomeruli are in green, the mushroom bodies are in blue, and the
Lateral horns are in orange. Odours are detected by olfactory receptor neurons (ORNs) in the antennae.
The ORNs project axons along the antennal nerve to the antennal lobe glomeruli, where they are sorted
according to chemo-sensitivity. From there the information is relayed by projection neurons (PNs) to the
mushroom body and to the lateral horn. Some PNs bypass the mushroom body calyx and project only to
the lateral horn.

single glomerulus (Jefferis et al., 2001; Marin et al., 2002; Wong et al., 2002). The
glomeruli also contain the processes of local interneurons that branch to multiple
glomeruli (Stocker, 1996; Stocker et al., 1990), providing means for information
transfer between glomeruli. The axons of PNs project to the mushroom body (MB)
and lateral horn of the brain.
Larvae of Drosophila also exhibit a robust olfactory response (Ayyub et al., 1990;
Cobb et al., 1992; Monte et al., 1989), which is mediated through the dorsal organ
(Heimbeck et al., 1999; Oppliger et al., 2000). Each of the paired dorsal organs
contains 21 neurons that project to the antennal lobe of the larval brain (Python and
Stocker, 2002).
The ORNs of the antenna and maxillary palp generate action potentials in response
to odour stimulation. The odour responses of many of these ORNs have been
characterized through extracellular single-unit recordings from individual olfactory
sensilla (Clyne et al., 1997; de Bruyne et al., 1999; de Bruyne et al., 2001; Stensmyr
et al., 2003). These recordings have revealed that different odourants elicit responses
from different subsets of ORNs, and also that ORNs exhibit a remarkable diversity
of response properties: responses can be either excitatory or inhibitory and can vary
in both intensity and temporal dynamics, depending on the odorant and the ORN (de
Bruyne et al., 1999; de Bruyne et al., 2001). Similar ORN response properties have
been described in other insects (Heinbockel and Kaissling, 1996; Kaissling et al.,
1989; Nikonov and Leal, 2002; Shields and Hildebrand, 2001). Extensive recordings
from the antennae and maxillary palps have revealed that ORNs can be categorized
into a limited number of functional classes based on their responses to a defined set
of chemical odourants. The maxillary palp contains six functional classes of ORNs,
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which are found in stereotyped pairs within three classes of sensilla (de Bruyne et
al., 1999). The antennal basiconic ORNs falls into 18 functional classes that are also
found in stereotyped combinations within eight classes of sensilla (de Bruyne et al.,
2001; Elmore et al., 2003); the coeloconic and trichoid sensilla on the antenna also
contain multiple classes of ORNs (Clyne et al., 1997) but a thorough characterization
is not yet available.
The projection neurons project to higher brain centres such as the mushroom
body and lateral horn of the protocerebrum. The local neurons, which are primarily
inhibitory, have their neurites restricted to the antennal lobe. In Drosophila, each
olfactory receptor neuron generally expresses a single olfactory receptor gene, and
the neurons expressing a given gene all transmit information to one or two spatially
invariant glomeruli in the antennal lobe. Moreover, each projection neuron generally
receives information from a single glomerulus. The interaction between the olfactory
receptor neurons, local neurons and projection neurons reformats the information
input from the receptor neurons into a spatio-temporal code before it is sent to higher
brain centres.
The mushroom bodies or corpora pedunculata are a pair of structures in the brain
of insects and other arthropods. They are usually described as neuropils, i.e. as dense
networks of neurons and glia. They get their name from their roughly hemispherical
calyx, a protuberance that is joined to the rest of the brain by a central nerve tract
or peduncle. Mushroom bodies are known to be involved in learning and memory,
particularly for smell. They are largest in the Hymenoptera (bees, wasps, etc.) which
are known to have particularly elaborate olfactory control over behaviour. The
mushroom bodies have been compared to the cerebral cortex of mammals and are
currently the subject of intense research. Because they are small compared to the
brain structures of vertebrates, and yet many arthropods are capable of quite complex
learning, it is hoped that investigations of the mushroom bodies will allow a clearer
view of the neurophysiology of animal perception and cognition. The most recent
research is also beginning to use new tools to reveal the genetic control of processes
within the mushroom bodies (e.g. Olsen and Wilson, 2008). Also, through classical
conditioning, the mushroom bodies incorporate the coded odourant signals from the
antennal lobes and make association between that code and the resource with which
it was associated. Future studies that link the behavioural response with the neural
signals and genetic expression in the mushroom bodies before and after associative
learning could be used to better understand and condition insects and potentially
other animals to odours. It would also lead to a basic understanding of how animals
navigate through their environment.
Most of our current knowledge of the mushroom bodies comes from studies of a
few species of insects, especially the cockroach Periplaneta americana, the honey
bee Apis mellifera, the locust, Schistocerca americana, and the fruit fly, Drosophila
melanogaster. Studies of fruit fly mushroom bodies have been particularly important
for understanding the genetic basis of their functioning, since the genetics of this
species are known in exceptional detail. In the insect brain, the peduncles of the
mushroom bodies extend through the midbrain. They are mainly composed of the
long, densely packed nerve fibres of the Kenyon cells, the intrinsic neurons of the
mushroom bodies. These cells have been found in the mushroom bodies of all species
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that have been investigated, though their number varies; for example fruit flies have
around 2,500 and cockroaches have about 200,000.
Insects and other invertebrates do not have their olfaction system directly connected
to respiration. As such, odours are not “sniffed”, but are brought into contact with
ORN by antennal sensilla and behavioural movements. Insects in particular have a
wide array of morphological features that make up the antennae. It is still unclear
as to what evolutionary adaptations these features represent (Hannson et al., 1991).
However, it would be prudent to recognize the structural design and use of these
organs as potential designs for improved detection of odourants using man-made
sensing materials. Currently, electronic nose technology has focused on mimicking
the combinatorial strategy that is well accepted as the mammalian and insect olfaction
method of identifying odours from patterns of responses to different sensors (normally
16 or 32 sensors). However, little effort has examined the method in which odourant
molecules are captured or presented to the sensors.
Biology of learning and memory
One of the important aspects of olfactory systems must be the ability to learn different odours and form memories of specific odours to mediate behavioural responses.
Understanding the processes of learning and memory of odours could help improve
methods of conditioning and measuring behavioural responses of whole-insect programmable sensors. To understand the physiological changes that occur in cellular
and neuronal pathways, electrophysiological recordings have been used in mammalian
model systems (Liu and Davis, 2006). Such studies are difficult to perform in insects
because of their small size; therefore, functional optical imaging techniques have
been employed to study physiological differences within the insect olfactory system.
Synthetic chemical reporters and fluorescent proteins are used to report the activity
of neurons in the system when an odour is introduced to an insect before or after
olfactory learning has occurred (Faber et al., 1999). In that work Faber and colleagues
studied the honey bee antennal lobe using the calcium sensitive dye, calcium-green2AM by observing the activity in response to odour stimuli presented before and
after associative conditioning with sucrose as a rewarding stimulus. Specific areas
of the antennal lobe exhibited calcium signals in response to odour, which increased
for more than 30 min after conditioning. Learning changed the activation pattern in
the antennal lobe. They discovered that the responses in specific sets of glomeruli
were odour –specific, but conserved for each odour across honey bees. Protein-based
reporters of neuronal activity were employed in recent studies, which have confirmed
that memory traces form in the antennal lobes (Liu and Davis, 2006). However, these
memory traces existed only for about five minutes after training corroborating the data
from locusts (Bazhenov et al., 2005) and moths (Daly et al., 2004) which supports
the hypothesis that the memory formation in antennal lobes are short-term.
The above mentioned studies and other recent studies show that olfactory memory
is distributed among diverse types of neurons within the olfactory system, which are
classified into first-, second- and third- order neurons (Davis, 2004). Perceptual olfactory learning happens in first-odour neurons which may be mediated by changes in
the odorant receptive fields of second and/or third order neurons, and in the coherency
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of activity among ensembles of second odour neurons (Davis, 2004). The coherent
population activity of these neurons increases during operant olfactory conditioning.
The odour responsiveness and synaptic activity of second and perhaps third order
neurons increase during operant and classical conditioning (Davis, 2004).
Associative and non-associative processes influence odour-driven responses in
the insect antennal lobe (AL). Daly et al. (2004) studied the changes in AL network
activity during learning employing an in vivo protocol in M. sexta for continuous
monitoring of neural ensembles and feeding behaviour over the course of olfactory
conditioning. Daly et al. (2004) showed that the neural units in the AL responded to
Pavlovian conditioning when odour followed food and the response persisted after
conditioning. A net loss of neural units responding to odour occurred when odour
did not predict food. The experiments showed that odour-specific neural recruitment
was positively correlated with changes in the insect’s behavioural response to odour.
In addition, odour representations in the AL were dynamic and related to olfactory
memory formation; learning continually restructures neural network responses spatially in the AL in an odour-specific manner (Daly et al., 2004). The organisation
of glomeruli within the AL in animals as diverse as insects (Galizia and Menzel,
2001; Laurent, 1999) and vertebrates (Mori et al., 1999; Xu et al., 2000) is such
that a small number of glomeruli are combinatorial conditioned by a large number
of odour stimuli (Vosshall et al., 2000), and a distributed system of glomerular PNs
is dynamically activated by a compound of multiple odours, and at the same time a
specific PN actively represents multiple odour compounds (Christensen et al., 2000;
Christensen and White, 2000; Daly et al., 2004; Kay and Laurent, 1999; Laurent,
1999; Laurent et al., 2001; Lei et al., 2002; Mori et al., 1999; Sachse and Galizia,
2002). In vertebrates, the representation of a given odour in the OB is dependent on
the experience with an odour (Bhalla and Bower, 1997; Fletcher and Wilson, 2003;
Goldberg and Moulton, 1987; Kay and Laurent, 1999; Kendrick et al., 1992; Sullivan
et al., 1989; Wilson and Sullivan, 1994; Wilson et al., 1987), and learning-dependent
changes in the insect AL have been observed using imaging techniques suggesting
that experience-dependent structural changes might be happening in the insect AL
(Faber et al., 1999; Yu et al., 2004) as well.
The studies on the experience-dependent plasticity in the AL of M. sexta, a model
organism of which the anatomy and physiology of the AL are well known (Christensen
et al., 2000; Christensen and White, 2000; Daly et al., 2004; Hildebrand and Shepherd,
1997; Kent et al., 1987; Lei et al., 2002; Rospars and Hildebrand, 2000; Tolbert and
Hildebrand, 1981), reveal the relationships of behavioural measures of olfactory
learning with neuro-physiological measures of odour-evoked ensemble responses in
the AL before, during, and after olfactory conditioning (Daly et al., 2001; Daly et
al., 2004; Daly and Smith, 2000). As in other insects, an olfactory stimulus followed
by food resulted in recruitment of neural units in the AL, and lack of food reinforcement withered the responsive neural units (behaviourally referred to as extinction).
Repeated reinforcement always increased the recruitment of neural units. All these
findings conclusively show that the insect ALs consist of the synaptic neural circuits
which are “plastic” in the sense that structural changes in neural networks in the AL
occur dynamically during learning. The output pathways from the AL (PNs) relay
dynamic signals which are odour-dependent patterns of inhibition followed by excitation (Daly et al., 2004). The odour-driven responses within the AL are mediated by
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correlated input from a different sensory modality, as in the case of a gustatory input,
through feedback loops; for example, monoaminergic neurons in both A. mellifera
(Hammer, 1993; Hammer and Menzel, 1995, 1998) and M. sexta (Kent et al., 1987)
exist in the AL providing signals from other brain areas. In honeybees, for example,
a modulatory neuron VUMmx1 releases octopamine (Hammer and Menzel, 1995,
1998) when activated by sucrose. The AL plasticity may have many different roles
including magnification of olfactory signals (Linster and Smith, 1997) and formation
of the short-term olfactory memory (Faber et al., 1999; Yu et al., 2004). This highlights the need to understand at what point behaviour is altered temporally as sensory
input changes. For example, in the Wasp Hound, when parasitic wasps are repeatedly
exposed to an odour without food reinforcement, the association between the odour
and food is extinguished. Extinction can be reversed with positive reinforcement at
appropriate intervals.

Molecular biology of olfactory system
The expression of odourant receptor molecules in ORNs are finely tuned to a specific
subset of odour molecules in the environment (Buck and Axel, 1991; Malnic et al.,
1999). The olfactory map, a spatial map of the distinct locations for specific odour
signals within the AL, is organized according to the type of odourant receptor a
particular ORN expresses.
A family of candidate genes, the Or genes, was discovered in Drosophila in 1999
(Clyne et al., 1999; Gao and Chess, 1999; Vosshall et al., 1999). These genes control
the expression of G protein-coupled receptors (GPCRs) as in the case of mammals
(Buck and Axel, 1991) and in the nematode Caenorhabditis elegans (Troemel et al.,
1995). GPCRs have seven transmembrane domains and are expressed by a diverse
range of gene sequences containing 62 members dispersed throughout the genome
in small clusters (Clyne et al., 1999; Gao and Chess, 1999; Robertson et al., 2003;
Vosshall et al., 1999) which includes two genes that are alternatively spliced. Humans,
mice and mosquitoes have approximately 350, 1,000, and 80 functional Or genes
(Godfrey et al., 2004; Hill et al., 2002; Malnic et al., 2004; Zhang and Firestein,
2002) respectively, but it is not clear if the number of Or genes are related to odour
specificity in olfactory systems. The highly diverse gustatory receptor (Gr) gene family of Drosophila consists of 60 genes that encode 68 proteins through alternative
splicing (Clyne et al., 2000; Robertson et al., 2003); many of them are up-or-down
regulated in gustatory organs (Clyne et al., 2000; Dunipace et al., 2001; Scott et al.,
2001); some work as taste receptors (Chyb et al. 2003; Dahanukar and Foster, 2001;
Ueno et al., 2001); and some are pheromone receptors (Bray and Amrein, 2003). Gr
genes are also expressed in the antennae (Scott et al., 2001) and tarsi (Ishimoto and
Tanimura, 2004) of Drosophila and most probably a majority of insects.
Most of the Drosophila antennal odourant receptors, each of which has a unique
odour spectrum despite being activated by common ligands, have now been mapped
to the ORNs from which they are derived (Hallem et al., 2004), and the complete
odour spectrum of an ORN can be understood in terms of the odour spectra of the
receptors mapped to that particular ORN. Furthermore, the spontaneous firing rate,
response dynamics and signaling mode (excitation or inhibition) of the ORN (Hallem
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et al., 2004) are also determined by the receptors providing a versatile functionality
for each ORN.
As mentioned earlier, approximately 1320 ORNs of the antenna and maxillary
palp in Drosophila connect with approximately 43 glomeruli in the AL. As in mammals, the axons of ORNs expressing the same odorant receptors connect to only one
glomerulus or to a few glomeruli, providing us with a spatial map of ORN projections.
Therefore, the pathways of the odour receptors bind the physiological units together
functionally in the insect olfactory system although these units are at different locations. In addition, different sets of PNs in the AL are activated by different odours and
their responses depend on the odour spectra, signaling mode and response dynamics
(Wilson et al., 2004) as in the case of ORNs. The activation of a PN is dependent on
its pre-synaptic ORNs (Wang et al., 2003). Wilson et al. (2004) suggested that PN
output was dependent not only by ORN inputs but also on lateral inputs within the
AL (Wilson et al., 2004). Several genes involved in olfactory learning in Drosophila
encode some of the components of the cAMP signaling pathway: the adenylyl cyclase
encoded by the rutabaga (rut) gene; the cAMP phosphodiesterase encoded by the dunce
(dnc) gene; the cAMP dependent protein kinase (PKA); the predicted product of the
amnesiac (amn) gene; and the transcription factor cAMP-response element binding
protein (CREB) (Davis, 2005; McGuire et al., 2005).
Computer modeling of olfactory systems
Computational, mathematical and statistical modeling of various functional aspects of
insect olfactory systems has increasingly been reported during the last decade. Getz
(1991) developed a preliminary neural network for processing odour stimuli which can
learn and identify the quality of an input vector or extract information from a sequence
of correlated input vectors. Input vectors can be a sample of time varying olfactory
stimuli. A discrete time content-addressable memory (CAM) module was developed
to satisfy the Hopfield equations (Getz, 1991) with the addition of a unit time delay
feedback, which improved the convergence properties of the network and was used to
control a switch which activated the learning or template formation process when the
input was “unknown”. The network based on CAM had dynamics embedded within
a sniff cycle which included a larger time delay that was also controlled the template
formation switch. In addition, this time delay modified the input into the CAM module
so that the more dominant of two mingling odours or an odour increasing against a
background of odours was identified. The network was evaluated using Monte Carlo
simulations and it was concluded that a Hopfield type CAM may not be suitable for
simulating an olfactory system; however, this pioneering work showed that artificial
neural networks, which have multitudes of learning strategies embedded in the
network, could be used to model the olfactory systems and their functions.
One of the earliest attempts to model olfactory functions was by Rossokhin and
Tsitolovsky (1997) who focused on information processing by neurons. Biochemical reactions that were hypothesised to be controlling the properties of the excitable
membranes in the nerve cells were modeled by a set of first order differential equations
for chemical reaction kinetics by taking the effect of regulation of the properties of
sodium channels into account. The neuron’s electrical activity parameters occurring
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during learning associated with its excitability were simulated, and they showed that
the neuronal model exhibited different excitability after the learning procedure relative
to the different input signals corresponding to the experimental data.
Pearce et al. (2001) modeled the efficiency of odour stimulus encoding within the
early stages of an artificial olfactory system using a spiking neuronal model driven
by fluorescent microbead chemosensors. The specific objective of the modeling study
was to investigate how a rate-coding scheme compared to the direct transmission of
graded potentials in terms of the accuracy of the estimate that an ideal observer may
make about the stimulus. Their results showed how the charging time-constants of
the first stages of neuronal information processing within the OB directly affected
the reconstruction of the stimulus.
In an interesting study, Chang et al. (1998) developed a general connectionist model
for an olfactory system by modeling the dynamical behaviour of each node (neural
ensemble) by a second-order ordinary differential equation (ODE) followed by an
asymmetric sigmoidal function, with which they modeled the aggregate activity of
neurons in terms of system parameters and stimuli from an outside environment. The
general connectionist model was used to simulate a mammalian olfactory system
having modifiable synaptic connections and spatio-temporal interactions among
neural ensembles. They developed a parameter optimization algorithm as an integral
component of the model.
Ikeno et al. (1999) developed a model of the mushroom body of insects consisting
of Kenyon cells based on the ionic currents in the isolated Kenyon cell somata in
honey bees as measured by the whole-cell recording method. A rapidly activating and
inactivating A-type potassium current, a calcium-activated potassium current and a
delayed rectifier-type potassium current, and several types of inward currents were
modeled by using Hodgkin/Huxley-type equations. They reconstructed the voltage
responses of isolated Kenyon cell based on these mathematical models.
Christensen et al. (2001) developed a detailed multi-compartmental model of single
local inter-neurons in the AL of the sphinx moth, Manduca sexta, using morphometric
data from confocal-microscopic images, to study how the complex geometry of local
neurons may affect signaling in the AL. Simulations clearly revealed a directionality
in the neurons that impeded the propagation of injected currents from the sub-microndiameter glomerular dendrites toward the much larger-diameter integrating segment
in the coarse neuropils. They showed that the background activity typically recorded
from LNs in vivo could influence synaptic integration and spike transformation in the
local neurons. The modeling study supported the experimental findings suggesting
that spiking inhibitory local neurons in the AL can operate as multifunctional units
under different odour spectra. At low odour intensities, the neurons process mostly
intra-glomerular signals; at high odour intensities the same neurons fired overshooting
action potentials, resulting in the spread of inhibition globally across the AL. They
concluded that the modulation of the passive and active properties of neurons were a
deciding factor in defining the multi-glomerular odour representations in the insect
brain. Getz et al. (1999) also developed a model for the olfactory coding within the insect AL using neural networks to investigate how synaptic strengths, feedback circuits
and the steepness of neural activation functions influenced the formation of olfactory
code in neurons within the AL. They reported that these factors were important in
discriminating the dispersed odour spectra. Rospars et al. (2001) measured the spike
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frequency of olfactory receptor cells in response to different odourants experimentally
and developed the concentration-response curves which were accounted for by a model
of the receptor cell they developed. This model, consisting of three main equations,
suggested that most often the variability in sensitivity was due to the variability of
odourant receptor binding characteristics.
Gu et al. (2007) developed a cross-scale dynamical neural network model to simulate the presentation, amplification and discrimination of host plant odours and sex
pheromones to understand the dependence of dynamics of the olfactory maps in the
AL on glomerular morphology. They used stochastic dynamical approaches to amplify
weak signals and to discriminate odour signals. They used the neural network model
to investigate arborizing patterns of the projection neurons (PNs) and timing patterns
of the neuronal spiking activity.
There are a significant number of other studies which are rule- or neural network based
utilizing similat methodologies of those already discussed (Av-Ron and Rospars, 1995;
Chang and Freeman, 1996; Eisenberg et al., 1989; Freeman et al., 1988; French et al.,
2006; Getz and Lutz, 1999; Gu and Liljenström, 2007; Ikeno and Usui, 1999; Kaiser et
al., 2003; Kanzaki, 1996; Lei et al., 2004; Ma and Krings, 2009; Patterson et al., 2008;
Quenet et al., 2002; Rospars et al., 2007; Snopok and Kruglenko, 2002; Webb, 2004);
however, to understand insect olfactory systems in the regime of behaviours which are
not measurable or observable, we need to develop phenomenological models based on
the molecular biology of the olfactory systems so far discovered. Computer models
that predict behaviours based on sensory input would need to simulate all the processes
from sensory stimuli acquisition to bodily movements of the insect. Models based on
actual neurophysiological and genetic processes would not only provide an avenue for
understanding mechanisms of odourant conditioning, but also provide insight into how
insects and other animals process olfactory signals. Such models could then be used to
predict odourant properties based on behavioural observations (Rains et al., 2008) and
used as an enhancement to whole-organism programmable sensors.
Genetic breeding
Selective breeding is a traditional approach which allows researchers to sift out
desired characteristic combinations in animals or plants without the expense associated with modern molecular techniques. However, depending on the organism of
interest, such an approach can be extremely time consuming and expensive. Some
organisms require specific environmental parameters while others produce relatively
few offspring per generation.
An advantage of using selective breeding with invertebrates, such as insects, is that
many species have a short generation cycle allowing for multiple life cycles throughout
a year. And, costs associated with colony maintenance are less when compared with
managing canines or other vertebrates. For example, in some instances, a cage and
a little chicken feed is all that is needed to mass produce an insect (Tomberlin et al.
2002). Consequently, phenotypic traits can be isolated in resulting progeny rather
quickly in comparison to canines or other vertebrate programs. Selective breeding for
certain arthropods, such as the honeybee and silk moth, Bombyx mori (Lepidoptera:
Bombycidae), proved fruitful resulting in greater efficiency in their management and
the production of their associated products. However, repeated inbreeding has resulted
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in the frequency of recessive traits increasing and producing various debilities. For
example, the silk moth has been maintained in captivity for producing silk for well
over 5,000 years. However, selective breeding for higher quality silk has resulted in
various levels of susceptibility to nucleopolyhedroviruses (Ribeiro et al., 2009).
In contrast, other selective breeding has resulted in greater fitness. Breeding programs for the honeybee have been successful in selecting for greater disease resistance
(Evans et al., 2006). Additionally, the simplicity of backcrossing allows for fine-scale
genetic mapping and the isolation of behavioral trait-specific genetic regions (Oldroyd
and Thompson, 2006). Recent evidence has determined genetic differences in the
ability of arthropods to discriminate between target and non-target volatiles (Ferguson
et al., 2001). In fact, selection for greater discrimination performance can be achieved
through only one generation (Ferguson et al., 2001). Using selective breeding with
insects still runs the risk of less desired recessive traits being expressed, and it can be
difficult to formulate the right combination and level of expression of physical traits
desired in the progeny. In regards to the honeybee, the negative effects of inbreeding
are severe due to the genetic load introduced by the sex locus (Oldroyd and Thompson,
2006). Thus, selective breeding is still a gamble with each cross between genetic
lines which can be frustrating and time consuming.
Deciphering the genetic mechanisms at work in sensory systems could lead to
techniques for manipulating and enhancing the use of arthropods as biological sensors. We provide below examples of manipulations of the olfactory (smell) system in
invertebrates which have led to refined sensing in the host organism.
The current insects used as biological sensors are diurnal. Responses to stimuli
during non-active hours (i.e. night) result in declined response to external stimuli.
Therefore, their use is ultimately limited by day length or light intensity. However,
recent efforts have determined that it is possible to develop mutant strains that operate under dark conditions. Cheng and Nash (2008) determined that D. melanogaster
bearing a mutation in the inaF gene, which is responsible for normal trp function
(Li et al., 1999) exhibited normal detection ability of the anesthetic halothane under
dark conditions; however, once placed in ambient light the sensitivity decreased. Furthermore, Cheng and Nash (2008) determined that mutations in one gene resulted in
greater sensitivity under ambient light. Therefore, increased sensitivity through genetic
manipulations is a possible avenue in enhancing biosensor sensitivity and utility.
Insects are able to detect and respond to a variety of volatile compounds. Consequently, considerable time and resources are invested in conditioning insects to specific odourants of interest. Another hurdle with whole-insect programmable sensors
is the reduction in response to target odourants by the conditioned insect over time
(previously discussed extinction). Presently, conditioned arthropods, such as M. croceipes, are limited in the time they can be used as their response to target chemicals
is reduced after repeated exposure. Behavioural responses can be re-established after
re-conditioning (Tertuliano et al., 2004) and can increase the length of time the wasps
can be used as a sensor. However, it is possible that these insects could be genetically modified to enhance the behavioural response to select compounds. Therefore,
conditioning could result in better responses for longer periods of time, or potentially
for a permanent period of time of extinction could also be turned off at the genetic
level. Morgan et al. (1988) determined that a variety of volatiles detected by a wild
strain and three mutant strains of C. elegans varied. In some instances the mutant
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strains were 30% more sensitive to select volatiles than the wild strain. Therefore, it
is conceivable that insects used for biosensors could be modified to be more sensitive and specific in regards to what they detect and respond. In addition, the strength
of response found in either EAG signals, cardiac response, or changes in observable
behaviour, could also be manipulated through genetic engineering to strengthen response to select odourants without associative learning (hard-wired).
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Abstract
Microbial transglutaminase is an important enzyme in food processing for improving
protein properties by catalyzing the cross-linking of proteins. Recently, this enzyme
has been shown to exhibit wider potential application in tissue engineering, textiles
and leather processing, site-specific protein conjugation and wheat gluten allergy
reduction. The production of microbial transglutaminase has been significantly
improved thanks to advances in bioprocess engineering and genetic engineering
during the last three decades. More recently, studies on the biological mechanism
of transglutaminase synthesis have further contributed towards the understanding of
microbial transglutaminase production by Streptomyces. This will further facilitate
improving the production of recombinant microbial transglutaminase. In this paper,
we will review the progress in bioprocess engineering and genetic engineering in
microbial transglutaminase production. We will highlight our understanding of the
biological mechanism���������������������������������������������������������������
s��������������������������������������������������������������
of
�������������������������������������������������������������
����������������������������������������������������������
microbial ������������������������������������������������
transglutaminase synthesis����������������������
, including biotechnological approaches used based on these biological mechanisms as a way of improving
transglutaminase production.We address in addition the future research needs for
microbial transglutaminase production.

*To whom correspondence may be addressed (jchen@jiangnan.edu.cn)
Abbreviations: TGase, transglutaminase; Pro-TGase, pro-transglutaminase; TAP, transglutaminase-activating protease; TAPI, transglutaminase-activating protease inhibitor; CTAB, cetyltrimethyl ammonium
bromide.
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Introduction
Transglutaminases (EC 2.3.2.13) are a family of enzyme that catalyze the formation
of a crosslink between a free amine group and the γ-carboxamide group of proteinbound glutamine (for example the crosslinking of proteins by forming Nε-(γ-glutamyl)
lysine bonds, the incorporation of polyamines into protein and the deamidation of
protein-bound glutamines) (Figure 1) (Zhu and Tramper, 2008). Bonds formed by
transglutaminase exhibit a high resistance to proteolytic degradation (Griffin, et al.,
2002). In vitro, the enzyme is able to catalyze crosslinking of whey proteins, soy
proteins, wheat proteins, beef myosin, casein and crude actomyosin, leading to their
texturization (Motoki, et al., 1998; Zhu, et al., 1995). This capacity of the enzyme
has been used in attempts to improve the functional properties of foods.

(a) R-Glu-CO-NH2 + H2N-Lys-R´
(b) R-Glu-CO-NH2 + H2N-R´
(c) R-Glu-CO-NH2 + H2O

R-Glu-CO-NH-Lys-R´ + NH3
R-Glu-CO-NHR´ + NH3
R-Glu-CO-OH + NH3

Figure1. �����������������������������������������������������������������������������������������������
Reactions cataly�������������������������������������������������������������������������������
z������������������������������������������������������������������������������
ed by transglutaminase. (a) Transglutaminase catalyses������������������������
�����������������������
the acyl-transfer reaction between the g-carboxyamide group of a glutamine residue present in one protein and the e-amino
group of a lysine residue of a second protein. With this reaction, two proteins are crosslinked by a covalent
isopeptide bond to form a new protein. (b) In an alternative reaction, a primary amine is bound to a second
protein instead of the e-amino group of a lysine residue. (c) When water replaces amine donor substrates,
deamidation of the glutamine occurs and changes it into glutamate. (Adapted from Zhu et al. (Zhu, et al.,
1995) with kind permission of Springer Science and Business Media.)

Transglutaminase has been found in animals, plants, and microorganisms (Zhu and
Tramper, 2008). Until the end of the 1980s, commercial transglutaminase could only be
obtained from animal tissues, most commonly from guinea pig liver. The rare source and
complicated downstream procedure resulted in an extremely high price for the enzyme,
which hampered a wide application in food processing. More recently however, production
in microorganisms has received increased interest, and an enzyme of microbial origin is now
commonly used for food treatment and has been shown to improve food flavor, appearance
and texture. In addition, the enzyme is able to increase the shelf life of certain foods and
reduce their allergenicity. Although the main application of transglutaminase remains in
the food sector, novel potential applications have emerged during the last decade. These
applications cover the areas of biomedical engineering, material science, textiles and
leather processing (Zhu and Tramper, 2008). Several excellent reviews on the application
of microbial transglutaminase in food and other areas are already available in the literature
(Motoki, et al., 1998; Yokoyama, et al., 2004; Zhu, et al., 1995; Zhu, et al., 2008), so we
will focus here on the production of microbial transglutaminase.
The production of microbial transglutaminase by Streptoverticillium mobaraense
was first reported by Ando et al. in 1989 (Ando, et al., 1989). Streptoverticillium mobaraense was later classified as Streptomcyes mobaraensis (Date, et al., 2004). Since then,
bioengineering and genetic engineering have been used to improve the production of this
enzyme. Production strain isolation and fermentation have addressed and increased the
production of this enzyme. There have also been several attempts to clone and express this
enzyme. Below we will discuss and evaluate the technological development of microbial
transglutaminase production and the trends of new technology based on recent advances
in understanding the biochemical mechanism of microbial transglutaminase activation and
physiological function.
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Transglutaminase production by Streptomyces spp. and genetically modified
strains
(1) TGASE PRODUCTION BY WILD STRAIN

Since Ando et al. first reported on microbial transglutaminase production by Streptoverticillium mobaraense (Ando, et al., 1989), new strains have been selected
continuously for higher enzyme yield and production process has been optimized
through various methods. Many studies have addressed and increased the production of
microbial transglutaminase. An overview of recent developments of transglutaminase
production by Streptomyces spp. and other microorganisms is given in Table 1.
Table 1. Milestones in microbial transglutaminase production by wild strains. (Adapted
from Zhu and Tramper (Zhu and Tramper, 2008) with kind permission of Elsevier.)
Year
1989
1996
1997
1998
2000
2001

2006

Streptoverticillium
mobaraense
Streptoverticillium
mobaraense
Streptoverticillium
mobaraense
Streptoverticillium
ladakanum
Streptoverticillium
ladakanum
Streptoverticillium
mobaraense
Bacillus circulans

2007

Streptomyces sp.

2007

Streptomyces
hygroscopicus

2008

Several
Streptomyces
Streptomyces
hygroscopicus

2002
2002
2004
2004
2005

2009
a

Strain
Streptoverticillium
mobaraense
Streptoverticillium
mobaraense
Streptoverticillium
cinnamoneum
Streptoverticillium
mobaraense
Actinomadura sp.

n/a = not applicable.

Focus of the development
Strain isolation
Substrate optimization
Substrate optimization
Metabolic optimization
Strain isolation
Environmental control
strategies
Environmental control
strategies
Environmental control
strategies
Strain isolation
Substrate optimization
Environmental control
strategies
Strain isolation and
Substrate optimization
Strain isolation and
Substrate optimization
Strain isolation and
Environmental control
strategies
Solid fermentation
Fermentation strategies

Yield (unit/ml)a References
~2.0
(Ando, et al.,
1989)
~1.0
(Zhu, et al.,
1996)
~0.3
(Junqua, et al.,
1997)
~1.8
(Zhu, et al.,
1998)
n/a
(Kim, et al.,
2000)
3.37
(Zheng, et al.,
2001)
2.94
(Zheng, et al.,
2002b)
3.40
(Zheng, et al.,
2002a)
0.348
(Téllez-Luis, et
al., 2004a)
0.725
(Téllez-Luis, et
al., 2004b)
3.32
(Yan, et al.,
2005)
0.306
(Souza, et al.,
2006)
1.4
(Macedoa, et al.,
2007)
5.04
(Cheng, et al.,
2007)
n/a
5.79

(Nagy, et al.,
2008)
(Xu, et al., 2009)
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The isolation of high yield production strains has played an important role in improving
the production of transglutaminase. Up until now, at least 6 different strains have been
studied for production of microbial transglutaminase. These strains have included:
Streptoverticillium mobaraense, Streptoverticillium cinnamoneum, Actinomadura
sp.��������������������������������������������������������������������������������
, Streptoverticillium
������������������������������������������������������������������������������
ladakanum�������������������������������������������������
, Bacillus
�����������������������������������������������
circulans�����������������������������
,����������������������������
Streptomyces sp������������
. and ������
Streptomyces hygroscopicus. The production of transglutaminase by Streptomyces spp.
has significantly higher yield than other strains, and therefore, this strain is currently
used industrially as a microbial transglutaminase producer.
Additional efforts have been made in substrate optimization, metabolic optimization
and environmental control strategies (pH, dissolved oxygen and temperature) to
improve the yield of microbial transglutaminase (Table 1). For example, Zheng et
al. developed a two stage environmental control strategy (Zheng, et al., 2002a).
With this strategy, the highest transglutaminase activity was improved from 2.0 U/
mL to 3.40 U/mL. These studies promoted the production of transglutaminase from
various strains isolated from nature. More recently, solid-state fermentation has been
studied to produce microbial transglutaminase by Streptomyces spp., which enables
microbial transglutaminase generation with much reduced production cost (Nagy, et
al., 2008).
After two decades of development of microbial transglutaminase production,
transglutaminase activity in fermentation broth has been increased from 2.0 to 6.0 U/
mL. However, such levels of productivity of microbial transglutaminase is still low.
The high cost and price of microbial transglutaminae hamper the wide application of
the enzyme ���������������������������������������������������������������������
in ������������������������������������������������������������������
the ��������������������������������������������������������������
food industry and other areas. �������������������������������
R������������������������������
ecombinant technology ��������
has however been shown to offer great potential in microbial strain improvement. Therefore,
many studies have switched the focus from conventional optimization to genetic engineering as a way of constructing recombinant transglutaminase production strains
for high yield.
(2) TGASE PRODUCTION BY GENETICALLY MODIFIED STRAINS

In order to further improve the production of microbial transglutaminase, scientists
have attempted to express transglutaminase to high-yields by using genetically
modified strains. Due to the well recognized crystal structure of Streptomyces
transglutaminase (Kashiwagi, et al., 2002), the Streptomyces transglutaminase
gene became the best origin for exogenous expression. Takehana et al. reported in
1994 a reconstructed transglutaminase producing strain. They expressed a chemical
synthesized transglutaminase gene from Streptomyces mobaraensis in Escherichia
coli (Takehana, et al., 1994). However, the enzyme activity was very low, though
the induced gene product was identical with native TGase transglutaminase in size
and in immunological properties. At the same time, Washizu et al. expressed prepro-transglutaminase gene from S. mobaraensis in Streptomyces lividan. As a result,
active and mature recombinant transglutaminase was obtained (Washizu, et al., 1994).
Following these pioneering studies of transglutaminase production by genetically
modified strains, a broad variety of hosts and exogenesis expression strategies have
subsequently been used to improve transglutaminase production (Table 2).
At present, Escherichi. coli, Corynebacterium glutamicum, Candida boidinii
and Streptomyces spp. have been used as hosts for recombinant transglutaminase
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Table 2. Milestones in microbial transglutaminase production by genetically
modified strains. (Adapted from Zhu and Tramper (Zhu and Tramper, 2008) with
kind permission of Elsevier.)
Year

Focus of the development

1994

Chemical synthesis of the gene for
microbial transglutaminase from
Streptoverticillium and its expression
in Escherichia coli
Molecular cloning of the gene for
microbial transglutaminase from
Streptoverticillium and its expression
in Streptomyces lividans
High-level expression of the
chemically synthesized gene for
microbial transglutaminase from
Streptoverticillium in Escherichia
coli
Overproduction of microbial
transglutaminase in Escherichia coli,
in vitro refolding and characterization
of the refolded form
Secretion of an active
Streptoverticillium mobaraense
transglutaminase by
Corynebacterium glutamicum;
processing of the protransglutaminase by a co-secreted
subtilisin-like protease from
Streptomyces albogriseolus
Production of native-type
Streptoverticillium mobaraense
transglutaminase in Corynebacterium
glutamicum
High level expression of
Streptomyces mobaraensis
transglutaminase in Corynebacterium
glutamicum using a chemical
pro-region from Streptomyces
cinnamoneus transglutaminase
The pro-peptide of Streptomyces
mobaraensis transglutaminase
functions in cis and in trans to
mediate efficient secretion of active
enzyme from methylotrophic yeasts
Cloning and expression of the
transglutaminase gene from
Streptoverticillium ladakanum in
Streptomyces lividans

1994

1997

2000

2003

2003

2004

2004

2004

Yield of proYield of
References
transglutaminase transglutaminase
(mg/L) a
(unit/ml)a
n/a
n/a
(Takehana, et
al., 1994)

n/a

n/a

n/a

n/a
(inclusion
bodies)

(Kawai, et al.,
1997)

n/a

n/a
(inclusion
bodies)

(Yokoyama,
et al., 2000)

235

n/a
(142 mg/L)

(Kikuchi, et
al., 2003)

n/a

n/a
(132 mg/L)

(Date, et al.,
2003)

627

n/a

(Date, et al.,
2004)

n/a

1.83

(Yurimoto, et
al., 2004)

n/a

1.46

(Lin, et al.,
2004)

(Washizu, et
al., 1994)
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Year

Focus of the development

2006

2006

2008

2008

2008

Yield of proYield of
References
transglutaminase transglutaminase
(mg/L) a
(unit/ml)a
Cloning of the transglutaminase gene
n/a
2.2
(Lin, et al.,
from Streptomyces platensis and its
2006)
expression in Streptomyces lividans
Cloning of transglutaminase gene
from Streptomyces fradiae and its
enhanced expression in the original
strain
Overproduction of soluble
recombinant transglutaminase
from Streptomyces netropsis in
Escherichia coli
Secretion of Streptomyces
mobaraensis pro-transglutaminase
by coryneform bacteria
Characterization and large-scale
production of recombinant
Streptoverticillium platensis
transglutaminase

n/a

3.2

(Liu, et al.,
2006)

4.5

n/a

(Yu, et al.,
2008)

2500

n/a

(Itaya, et al.,
2008)

n/a

5.32

(Lin, et al.,
2008)

a

n/a = not applicable.

expression. Recombinant expression of transglutaminase in E. coli and Candida
boidinii has however resulted in little success (Kawai, et al., 1997; Yokoyama, et
al., 2000; Yurimoto, et al., 2004). Replacing of the signal peptide or the pro-region
of transglutaminase and other approaches have been used to improve the production
of recombinant transglutaminase (Date, et al., 2004; Kikuchi, et al., 2003; Yu, et
al., 2008). However, improved transglutaminase yield was not observed by using
genetically modified strains when compared with the wild-type strain.
An exception however is if Streptomcyes is used as the host. Recently, production
of recombinant Streptoverticillium platensis transglutaminase has reached 5.32 U/
mL: for the first time a production of recombinant transglutaminase has been reported
comparable with the wild strain (Lin, et al., 2008).
It was learned from microbial transglutaminase exogenous expression that the
production of recombinant transglutaminase not only has to incorporate gene clone and
expression but also the activation process of this enzyme (Date, et al., 2003; Kikuchi,
et al., 2003). Therefore, further understanding of the microbial transglutaminase
activation mechanism is crucial to significantly improve recombinant transglutaminase
production.
Biological mechanism of transglutaminase synthesis from Streptomyces
With an
�������������������������������������������������������������������������
increasing accumulated knowledge��������������������������������������
on microbial transglutaminase produc�������
tion, scientists have recognized the importance of understanding the biological
mechanism of microbial transglutaminase synthesis so as to more accurately control
the biosynthesis process. The understanding of biological mechanisms can further
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improve microbial transglutaminase production by using transglutaminase-producing
wild stain or by enabling a better control of the fermentation conditions. In addition,
a better understanding of the synthesis mechanism of microbial transglutaminase
will help construct recombinant strains more efficiently. Table 3 gives an overview of
recent studies focused on this topic. These advances mainly focus on the enzymatic
characterization, gene sequencing, molecular structure, and activation mechanism of
microbial transglutaminase.
Table 3. Progress in understanding the biological mechanism of microbial
transglutaminase synthesis.
Year
1989
1993
1998

2002
2003
2003
2004

2004

2008

2008
2009

Focus of the development
Purification and characteristics of a novel transglutaminase
derived from microorganisms
Primary structure of microbial transglutaminase from
Streptoverticillium sp. strain s-8112
Bacterial pro-transglutaminase from Streptoverticillium
mobaraense Purification, characterization and sequence of the
zymogen
Crystal structure of microbial transglutaminase from
Streptoverticillium mobaraense
Transglutaminase from Streptomyces mobaraensis is activated by
an endogenous metalloprotease
Activated transglutaminase from Streptomyces mobaraensis is
processed by a tripeptidyl aminopeptidase in the final step
High level expression of Streptomyces mobaraensis
transglutaminase in Corynebacterium glutamicum using
a chemical pro-region from Streptomyces cinnamoneus
transglutaminase
The pro-peptide of Streptomyces mobaraensis transglutaminase
functions in cis and in trans to mediate efficient secretion of
active enzyme from methylotrophic yeasts
Surfactant protein of the Streptomyces subtilisin inhibitor
family inhibits transglutaminase activation in Streptomyces
hygroscopicus
Two different proteases from Streptomyces hygroscopicus are
involved in transglutaminase activation
Transglutaminase is involved in Streptomyces hygroscopicus
differentiation

Refs
(Ando, et al., 1989)
(Kanaji, et al.,
1993)
(Pasternack, et al.,
1998)
(Kashiwagi, et al.,
2002)
(Zotzel, et al.,
2003a)
(Zotzel, et al.,
2003b)
(Date, et al., 2004)

(Yurimoto, et al.,
2004)
(Zhang, et al.,
2008a)
(Zhang, et al.,
2008b)
(Zhang, et al.,
submitted)

The discovery of transglutaminase zymogen (pro-transglutaminase) has revealed the
activation mechanism of transglutaminase from Streptomyces. In 1998, Pasternack
and colleagues found that transglutaminase from Streptomyces was secreted as a
pro-transglutaminase and could be activated by several exogenous proteases, such as
bovine trypsin, intestinal chymotrypsin or dispase from Bacillus polymyxa (Pasternack, et al., 1998). Subsequently a metalloprotease was isolated from Streptomyces
mobaraensis as an endogenous transglutaminase-activating protease (Zotzel, et al.,
2003a). Later, Zhang et al. found that, in Streptomyces hygroscopicus, not only
endogenous metalloprotease but also endogenous serine protease is involved in
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transglutaminase activation (Zhang, et al., 2008b). In actuality, Streptomyces protransglutaminases appear to have a conserved amino acid sequence preceding the
N-terminal of transglutaminase, which contains cleavage sites for both serine protease
and metalloprotease, indicating activation of pro-transglutaminase is not a specific
process (Zhang, et al., 2008b).

Research on both S. mobaraensis and S. hygroscopicus has proven that
transglutaminase activation process is inhibited by a transglutaminaseactivating protease inhibitor. N-terminal amino acid sequencing and homology study of the purified transglutaminase-activating protease inhibitor have
revealed that it is a member of the Streptomyces subtilisin inhibitor family
This inhibitor could be depos������
(Zhang, et al., 2008a; Zotzel, et al., 2003a). ������������������������������
ited by cetyltrimethyl ammonium bromide. Furthermore, transglutaminaseactivating protease inhibitor possesses surface activity���������������������
. This surfac��������
e ac����
tivity of transglutaminase-activating protease inhibitor makes the activation
process of pro-transglutaminase possible. Possessing the surface activity,
transglutaminase-activating protease inhibitor molecules are distributed mostly
at the air-liquid interface, which allows sufficient free transglutaminase-activating
protease molecules to exist in the submerged liquid and perform its function to activate
pro-transglutaminase. A sketch map for transglutaminase activation mechanism

in Streptomcyes is shown in Figure 2.
The activation mechanism reveals the physiological function of Streptomyces
transglutaminase. Metalloprotease, serine protease and Streptomyces subtilisin
inhibitor protein, the key factors involved in the activation process of transglutaminase
(Figure 2), are all under regulation by the A-factor (Hirano, et al., 2006; Kato, et al.,
2005; Kato, et al., 2002; Tomono, et al., 2005). The A-factor is a microbial hormone
controlling the differentiation of Streptomyces (Kato, et al., 2002). Transglutaminase
has been found to be secreted and activated during differentiation rather than during
nutrition growth. Furthermore, differentiation of S. hygroscopicus on solid culture has
been shown to be inhibited by cystamine, a competitive inhibitor of transglutaminase.
These studies demonstrate that transglutaminase is involved in differentiation of
Streptomyces (Zhang, et al., submitted).

The progress
�������������������������������������������������������������������
in��������������������������������������������������������
understanding
�������������������������������������������������������
the b������������������������������������
�������������������������������������
iological mechanism of transglutaminase synthesis in Streptomyces stimulates further improvement in microbial
transglutaminase production.
Fermentation strategies based on biological mechanism of transglutaminase
synthesis
Based on the activation mechanism of pro-transglutaminase in Streptomyces,
strategies have been developed to improve the production. Because cetyltrimethyl
ammonium bromide could remove the inhibition of transglutaminase-activating
protease inhibitor to the activation of pro-transglutaminase, this detergent was
added to the fermentation broth to enhance the activation degree. By adding
cetyltrimethyl ammonium bromide at later stage of fermentation, transglutaminase
activity in fermentation broth increased by 21.8% (Cheng, et al., 2007). Though
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Figure 2. Activation mechanism of transglutaminase in Streptomcyes.

TGase activity (U/mL)

cetyltrimethyl ammonium bromide enhances the activation rate, it cannot surpass
the degradation, and therefore, it is not ideal to accumulate stable transglutaminase.
As shown in Figure 3, transglutaminase activity in the medium decreased quickly
when transglutaminase-activating protease inhibitor was removed. Therefore, the
inhibition by transglutaminase-activating protease inhibitor is a very important factor
to control the transglutaminase-activating protease activity.

Time (h)
Figure 3. Transglutaminase activation in fermentation with (full line) or without (broken line) transglutaminase-activating protease inhibitor. transglutaminase-activating protease inhibitor was removed by adding
of cetyltrimethyl ammonium bromide.
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As shown in Figure 4, transglutaminase-activating protease can both activate protransglutaminase and degrade mature transglutaminase for its nonspecific protease
activity. Fortunately, the activation of transglutaminase is more efficient than the
degradation. Therefore, a mature transglutaminase can exist with or without the
inhibition of transglutaminase-activating protease inhibitor (Figure 3). Actually, the
activation process benefits from the surfactant of transglutaminase-activating protease
inhibitor, which provide a delayed inhibition of transglutaminase-activating protease.
This kind of inhibition to transglutaminase-activating protease has maximized the
activation of transglutaminase and minimized the degradation of transglutaminase,
which is a remarkable control mechanism. Considering such a mechanism, one of
the possible ways to enhance the production of transglutaminase is to enlarge the
efficiency of transglutaminase activation.

TAPI
(Surfactivity ) TAP

Pro-TGase

TAP-TAPI complex
Delayed inhibition

TGase

Activation
(High efficiency)

Degradation
(Low efficiency)

Amino acids

Figure 4. Delayed inhibition of transglutaminase-activating protease mediated by surfactant transglutaminase-activating protease inhibitor.

By addition of protease in the prophase of fermentation, the highest transglutaminase
activity increased by 26.6% and the culture time was shortened from 44 h to 36 h
(Xu, et al., submitted). This result showed that this method transformed all protransglutaminase into mature transglutaminase in fermentation broth. Protease was
also inhibited in the end of the fermentation. The large amount of protease (1000
U/mL) added at the prophase were almost inhibited by transglutaminase-activating
protease inhibitor to a very low final activity (5 U/mL).
Based on the fact that transglutaminase secretion is associated with differentiation
of Streptomcyes (Zhang, et al., submitted), a feeding strategy was used to enhance
transglutaminase production. As shown in Figure 5, a carbon source was fed during
the nutritional growth phase, to achieve maximum cell amount (cell factory). Then in
the transglutaminase synthesis phase, a nitrogen source was fed to supply the synthesis
of transglutaminase. By using this strategy, cell mass and transglutaminase activity
increased 80 % and 83 %, respectively (Xu, et al., 2009).
As demonstrated
��������������������������������������������������������������������������������
by the examples mentioned above������������������������������������
, the understanding
������������������������������
of transglutaminase synthesis mechanism of Streptomyces provided a rationale control of the fermentation
process. Consequently, the production of transglutaminase was significantly improved.
Trends in microbial production of transglutaminase
Our understanding of the biological mechanism of transglutaminase synthesis has
also provided great potential in improving the production of recombinant microbial
transglutaminase, as we will now consider.

TGase activity (U/mL), DCW (g/L)
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Feeding carbon
resource

Feeding nitrogen
resource

Time (h)
Figure 5. Sketch map of feeding strategy for production of microbial transglutaminase. Transglutaminase
activity (broken line) and DCW (real line) were shown with time.
CONSTRUCTION OF GENETIC ENGINEERING STRAINS: CO-EXPRESSION OF PROTRANSGLUTAMINASE, TRANSGLUTAMINASE-ACTIVATING PROTEASE AND
TRANSGLUTAMINASE-ACTIVATING PROTEASE INHIBITOR

A benefit from understanding the biological mechanism of transglutaminase synthesis
is to efficiently construct genetic engineering transglutaminase production strains.
Among all the hosts used, mature transglutaminase was only successfully expressed in
Streptomyces (Table 2). This indicates that the protease-inhibitor system is necessary
for the bioproduction of recombinant transglutaminase. Because�����������������������
������������������������������
there ����������������
are�������������
no����������
appropriate activation mechanisms (transglutaminase-activating protease-transglutaminaseactivating protease inhibitor) existing in E. coli, Corynebacterium glutamicum or
Candida boidinii, recombinant pro-transglutaminase is difficult for activation in
these hosts. Although it has been attempted to co-express transglutaminase-activating
protease in C. glutamicum, the activity of transglutaminase-activating protease was
not under the control, which would lead to a fast decline of transglutaminase activity
(Kikuchi, et al., 2003). It is possible to add exogenous transglutaminase-activating
protease and transglutaminase-activating protease inhibitor to activate p���������������
����������������
ro-transglutaminase correctly. However, the problem with this is the high cost for production and
purification of transglutaminase-activating protease and transglutaminase-activating
protease inhibitor.
Though it is the only successful host for production of recombinant t������������
�������������
ransglutaminase, unfortunately, Streptomyces is not an efficient host for the production of re���
combinant transglutaminase. The yield of Streptomyces is only close to that of using
the wild strain. Therefore, co-expression of transglutaminase-activating protease and
transglutaminase-activating protease inhibitor with pro-transglutaminase in a high
efficient host has been considered. As shown in Table 2, up until now, C. glutamicum
has been used as an efficient host, which expresses pro-transglutaminase to 2.5 mg/
mL maximally. If calculated as an average specific activity of 13 U/mg, the theoretical
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highest yield of recombinant transglutaminase in C. glutamicum would reach 32.5 U/
mL. Therefore co-expression of transglutaminase, transglutaminase-activating protease
and transglutaminase-activating protease inhibitor in C. glutamicum is a hopeful
way (Figure 6). Certainly, it also needs a more detailed examination especially when
compared with transglutaminase activation process in Streptomyces.
Pro-TGasegene

Cloning from
Streptomyces

TAP gene
TAPI gene

Efficient host

Co-expression
TAPI
TAP
Pro-TGase

Inhibition

TGase
Activation

Amino acids
Degradation

Figure 6. Co-expression of transglutaminase-activating protease, transglutaminase-activating protease
inhibitor and pro-transglutaminase in host.

PRO-REGION HELP TGASE FOLDING

Another benefit���������������������������������������������������������������������
����������������������������������������������������������������������������
from understanding
���������������������������������������������������������������
the
�������������������������������������������������
b��������������������������������������������
iological mechanism of transglutaminase synthesis is the highly efficient and correct expression of recombinant transgluatminase.
A report on endogenous expression of the Streptomyces transglutaminase gene in
methylotrophic yeasts first revealed that pro-transglutaminase helps the folding
of transglutaminase (Yurimoto, et al., 2004). In that study, production of active
transglutaminase required a pro-peptide from transglutaminase. When an artificial
endopeptidase recognition site was placed between the pro-peptide and mature
transglutaminase, secretion and in vitro maturation of transglutaminase depended on
Kex2-dependent cleavage. Co������������������������������������������������������
-�����������������������������������������������������
expression of unlinked pro-peptide with mature transglutaminase yielded efficient secretion of the active enzyme. These results indicate
that the pro-peptide help the formation of mature transglutaminase not only in an
intramolecular but also in an intermolecular manner. (Yurimoto, et al., 2004).
Furthermore, a chemical pro-region, combining with S. mobaraensis and S��������
.�������
cinnamoneus transglutaminase gene, has been used for the production of transglutaminase
in C. glutamicum. Secretion of transglutaminase by using the chemical pro-region
was increased compared to that using the native pro-region (Date, et al., 2004).
This result implies that transglutaminase activity could be improved by change the
sequence of pro-region.
In 1998, Shinde, et al. found a 77-residue
���������������������������������������������������
pro-peptide of subtilisin acts as an intramolecular chaperone that organizes the correct folding of its own protease domain.
The intramolecular chaperone of subtilisin facilitates folding by acting as a template
for its protease domain, although it does not form part of that domain (Shinde, et al.,
1998). Sequence analysis showed that Streptomyces transglutaminase was evolved
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from protease (Makarova, et al., 1999). Therefore pro-region of transglutaminase may
also inherit this character to be an intramolecular chaperone. It is possible to enhance
the industrial performance of transglutaminase, such as high activity, high stability
or altered specificity, by control of the pro-region (Figure 7).

Figure 7. The Pro-region helps folding of transglutaminase.
MOLECULAR MECHANISM OF TRANSGLUTAMINASE INVOLVED IN STREPTOMYCES
DIFFERENTIATION

Besides the successful approaches for recombinant transglutaminase production, the
molecular mechanism of transglutaminase involved in Streptomyces differentiation
is worth clarifying. Transglutaminase is involved in Streptomyces differentiation
(Zhang, et al., submitted), however, the molecular mechanism of this physiological
function has not been revealed as yet. Gene knockout of transglutaminase and
observation of the phenotype are necessary to know more about the physiological
mechanism of transglutaminase in Streptomyces differentiation. At the same
time, searching the location of transglutaminase and the target protein (or other
molecule) of transglutaminase are necessary to reveal the biological mechanism of
transglutaminase in Streptomyces differentiation. Research on the expression and
regulation mechanism of the Streptomyces transglutaminase gene is also useful to
explain why transglutaminase was involved in Streptomyces differentiation. Such a
basic understanding will further improve microbial transglutaminase production by
using both recombinant and wild strains.
Conclusion
Microbial transglutaminase, as an important enzyme for food processing and poten������
tially for other fields where protein modification is concerned, attracts great interest
with regards its cost-effective and large-scale production. Efforts have been made
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during the last two decades on the bioprocess engineering and genetic engineering
for the improvement of the production of this enzyme. More recently, studies on
understanding the biological mechanism of transglutaminase synthesis have helped
with the production of microbial transglutaminase in Streptomyces. ��������������
An understanding of the biological mechanism of transglutaminase synthesis in Streptomyces has
great potential in further improving the production of microbial transglutaminase
either by wild strains or by recombinant strains. We believe that future development
in studying microbial production of transglutminase will greatly reduce the cost and
improve productivity of this enzyme. As a result, it will accelerate the application of
this enzyme.

Acknowledgments
This work was supported by the National Outstanding Youth Foundation of China
(No. 20625619), the Major State Basic Research Development Program of China
(973 Program) (No. 2007CB714306), the national natural Science Foundation of
China (30770055, 20776063), the Key Program of National Natural Science Foundation of China (No. 20836003), the National Natural Science Foundation of Jiangsu
Province (No. BK2007018), High-Tech Research Project of Jiangsu Province, China
(No.BG2007009) and the grant from the Ph.D. Programs Foundation of Ministry of
Education of China (No. 20060295002).

References
Ando, H., Adachi, M. and Umeda, K. (1989) Purification and characteristics of a novel
transglutaminase derived from microorganisms. Agricultural Biology and Chemistry
53, 2613-2617.
Cheng, L., Zhang, D.X., Du, G.C. and Chen, J. (2007) Improvement on the activity
of microbial transglutaminase with Streptomyces hygroscopicus by the addition of
surfactant CTAB. Chinese journal of biotechnology 23, 497-501.
Date, M., Yokoyama, K., Umezawa, Y., Matsui, H. and Kikuchi, Y. (2003) Production
of native-type Streptoverticillium mobaraense transglutaminase in Corynebacterium
glutamicum. Applied and Environmental Microbiology 69, 3011-3014.
Date, M., Yokoyama, K., Umezawa, Y., Matsui, H. and Kikuchi, Y. (2004) High level
expression of Streptomyces mobaraensis transglutaminase in Corynebacterium
glutamicum using a chimeric pro-region from Streptomyces cinnamoneus
transglutaminase. Journal of Biotechnology 110, 219-226.
Griffin, M., Casadio, R. and Bergamini, C.M. (2002) Transglutaminases: nature’s
biological glues. Biochemical Journal 368, 377-396.
Hirano, S., Kato, J.Y., Ohnishi, Y. and Horinouchi, S. (2006) Control of the Streptomyces
Subtilisin inhibitor gene by AdpA in the A-factor regulatory cascade in Streptomyces
griseus. Journal of Bacteriology 188, 6207-6216.
Itaya, H. and Kikuchi, Y. (2008) Secretion of Streptomyces mobaraensis protransglutaminase by coryneform bacteria. Applied Microbiology and Biotechnology
78, 621-625.

Microbial transglutaminase production: understanding the mechanism 219
Junqua, M., Duran, R., Gancet, C. and Goulas, P. (1997) Optimization of microbial
transglutaminase production using experimental designs. Applied Microbiology and
Biotechnology 48, 730-734.
Kanaji, T., Ozaki, H., Takao, T., Kawajiri, H., Ide, H., Motoki, M. and Shimonishi, Y.
(1993) Primary structure of microbial transglutaminase from Streptoverticillium sp.
strain s-8112. Journal of Biological Chemistry 268, 11565-11572.
Kashiwagi, T., Yokoyama, K., Ishikawa, K., Ono, K., Ejima, D., Matsui, H. and Suzuki,
E. (2002) Crystal structure of microbial transglutaminase from Streptoverticillium
mobaraense. Journal of Biological Chemistry 277, 44252-44260.
Kato, J.Y., Chi, W.J., Ohnishi, Y., Hong, S.K. and Horinouchi, S. (2005) Transcriptional
control by A-factor of two trypsin genes in Streptomyces griseus. Journal of
Bacteriology 187, 286-295.
Kato, J.Y., Suzuki, A., Yamazaki, H., Ohnishi, Y. and Horinouchi, S. (2002) Control by
A-factor of a metalloendopeptidase gene involved in aerial mycelium formation in
Streptomyces griseus. Journal of Bacteriology 184, 6016-6025.
Kawai, M., Takehana, S. and Takagi, H. (1997) High-level expression of the chemically
synthesized gene for microbial transglutaminase from Streptoverticillium in
Escherichia coli. Bioscience, Biotechnology and Biochemistry 61, 830-835.
Kikuchi, Y., Date, M., Yokoyama, K., Umezawa, Y. and Matsui, H. (2003) Secretion of
active-form Streptoverticillium mobaraense transglutaminase by Corynebacterium
glutamicum: processing of the pro-transglutaminase by a cosecreted subtilisin-Like
protease from Streptomyces albogriseolus. Applied and Environmental Microbiology
69, 358-366.
Kim, H.-S., Jung, S.-H., Lee, I.-S. and Yu, T.-S. (2000) Production and Characterization
of a Novel Microbial Transglutaminase from Actinomadura sp.T-2. Journal of
Microbiology and Biotechnology 10, 187-194.
Lin, S.J., Hsieh, Y.F., Lai, L.A., Chao, M.L. and Chu, W.S. (2008) Characterization and
large-scale production of recombinant Streptoverticillium platensis transglutaminase.
Journal of Industrial Microbiology and Biotechnology 35, 981-990.
Lin, Y.-S., Chao, M.-L., Liu, C.-H. and Chu, W.-S. (2004) Cloning and expression of
the transglutaminase gene from Streptoverticillium ladakanum in Streptomyces
lividans. Process Biochemistry 39, 591-598.
Lin, Y.-S., Chao, M.-L., Liu, C.-H., Tseng, M. and Chu, W.-S. (2006) Cloning of the
gene coding for transglutaminase from Streptomyces platensis and its expression
in Streptomyces lividans Process Biochemistry 41, 519-524.
Liu, X., Yang, X., Xie, F. and Qian, S. (2006) Cloning of transglutaminase gene from
Streptomyces fradiae and its enhanced expression in the original strain. Biotechnology
Letters 28, 1319-1325.
Macedoa, J., Settea, L. and Satoa, H. (2007) Optimisation studies for the production of
microbial transglutaminase from a newly isolated strain of Streptomyces sp. Journal
of Biotechnology 131, S213-S214
Makarova, K.S., Aravind, L. and Koonin, E.V. (1999) A superfamily of archaeal,
bacterial, and eukaryotic proteins homologous to animal transglutaminases. Protein
Science 8, 1714-1719.
Motoki, M. and Seguro, K. (1998) Transglutaminase and its use for food processing
Trends in Food Science and Technology 9, 204-210.
Nagy, V. and Szakacs, G. (2008) Production of transglutaminase by Streptomyces

220

D. Zhang et al.

isolates in solid-state fermentation. Letters in Applied Microbiology 47, 122-127.
Pasternack, R., Dorsch, S., Otterbach, J.T., Robenek, I.R., Wolf, S. and Fuchsbauer,
H.-L. (1998) Bacterial pro-transglutaminase from Streptoverticillium mobaraense
Purification, characterisation and sequence of the zymogen. European Journal of
Biochemistry 257, 570-576.
Shinde, U.P., Liu, J.J. and Inouye, M. (1998) Protein memory through altered folding
mediated by intramolecular chaperones. Nature 392, 520-522.
Souza, C.F.d., Flôres, S.H. and Ayub, M.A.Z. (2006) Optimization of medium
composition for the production of transglutaminase by Bacillus circulans BL32
using statistical experimental methods. Process Biochemistry 41, 1186-1192.
Téllez-Luis, S.J., González-Cabriales, J.J., Ramírez, J.A. and Vázquez, M. (2004a)
Production of Transglutaminase by Streptoverticillium ladakanum NRRL-3191
Grown on Media Made from Hydrolysates of Sorghum Straw Food Technology
and Biotechnology 42, 1-4.
Téllez-Luis, S.J., Ramírez, J.A. and Vázquez, M. (2004b) Production of transglutaminase
by Streptoverticillium ladakanum NRRL-3191 using glycerol as carbon source. Food
Technology and Biotechnology 42, 75-81.
Takehana, S., Washizu, K., Ando, K., Koikeda, S., Takeuchi, K., Matsui, H.,
Motoki, M. and Takagi, H. (1994) Chemical synthesis of the gene for microbial
transglutaminase from Streptoverticillium and its expression in Escherichia coli.
Bioscience, Biotechnology and Biochemistry 58, 88-92.
Tomono, A., Tsai, Y., Ohnishi, Y. and Horinouchi, S. (2005) Three chymotrypsin genes
are members of the AdpA regulon in the A-factor regulatory cascade in Streptomyces
griseus. Journal of Bacteriology 187, 6341-6353.
Washizu, K., Ando, K., Koikeda, S., Hirose, S., Matsuura, A., Takagi, H., Motoki, M.
and Takeuchi, K. (1994) Molecular cloning of the gene for microbial transglutaminase
from Streptoverticillium and its expression in Streptomyces lividans. Bioscience,
Biotechnology and Biochemistry 58, 82-87.
Xu, X., Cheng, L., Zhang, D., Ren, Z., Li, J., Wang, M., Chen, J. and Du, G. (2009)
Improved production of microbial transglutaminase from Streptomyces hygroscopicus
by the addition of trypsin. (Manuscript submitted).
Xu, X., Zhang, D., Wang, M., Li, J., Chen, J. and Du, G. (2009) Improvement of MTG
Production by Fed-batch Fermentation. China Biotechnology, (in press).
Yan, G., Du, G., Li, Y., Chen, J. and Zhong, J. (2005) Enhancement of microbial
transglutaminase production by Streptoverticillium mobaraense: application of a
two-stage agitation speed control strategy. Process Biochemistry 40, 963-968.
Yokoyama, K., Nio, N. and Kikuchi, Y. (2004) Properties and applications of microbial
transglutaminase. Applied Microbiology and Biotechnology 64, 447-454.
Yokoyama, K.I., Nakamura, N., Seguro, K. and Kubota, K. (2000) Overproduction of
microbial transglutaminase in Escherichia coli, in vitro refolding, and characterization
of the refolded form. Bioscience, Biotechnology and Biochemistry 64, 1263-1270.
Yu, Y.J., Wu, S.C., Chan, H.H., Chen, Y.C., Chen, Z.Y. and Yang, M.T. (2008)
Overproduction of soluble recombinant transglutaminase from Streptomyces
netropsis in Escherichia coli. Applied Microbiology and Biotechnology 81,
523-532.
Yurimoto, H., Yamane, M., Kikuchi, Y., Matsui, H., Kato, N. and Sakai, Y. (2004) The
pro-peptide of Streptomyces mobaraensis transglutaminase functions in cis and in

Microbial transglutaminase production: understanding the mechanism 221
trans to mediate efficient secretion of active enzyme from methylotrophic yeasts.
Bioscience, Biotechnology and Biochemistry 68, 2058-2069.
Zhang, D., Ju, X., Wang, M., Wu, J., Du, G. and Chen, J. (2009) Transglutaminase is
involved in Streptomyces hgroscopicus differentiation. (Manuscript submitted).
Zhang, D., Wang, M., Du, G., Zhao, Q., Wu, J. and Chen, J. (2008a) Surfactant protein
of the Streptomyces subtilisin inhibitor family inhibits transglutaminase activation
in Streptomyces hygroscopicus. Journal of Agricultural and Food Chemistry 56,
3403-3408.
Zhang, D., Wang, M., Wu, J., Cui, L., Du, G. and Chen, J. (2008b) Two different
proteases from Streptomyces hygroscopicus are involved in transglutaminase
activation. Journal of Agricultural and Food Chemistry 56, 10261-10264.
Zheng, M., Du, G. and Chen, J. (2002a) pH control strategy of batch microbial
transglutaminase production with Streptoverticillium mobaraense. Enzyme and
Microbial Technology 31, 477-481.
Zheng, M., Du, G., Chen, J. and Lun, S. (2002b) Modelling of temperature effects on
batch microbial transglutaminase fermentation with Streptoverticillium mobaraense.
World Journal of Microbiology and Biotechnology 18, 767-771
Zheng, M., Du, G., Guo, W. and Chen, J. (2001) A temperature-shift strategy in batch
microbial transglutaminase fermentation. Process Biochemistry 36, 525-530.
Zhu, Y., Rinzema, A., Tramper, J. and Bol, J. (1995) Microbial transglutaminase - a
review of its production and application in food processing Applied Microbiology
and Biotechnology 44, 277-282.
Zhu, Y., Rinzema, A., Tramper, J. and Bol, J. (1996) Medium design based
on stoichiometric analysis of microbial transglutaminase production by
Streptoverticillium mobaraense. Biotechnology and Bioengineering 50, 291-298.
Zhu, Y., Rinzema, A., Tramper, J., Bruin, E.d. and Bol, J. (1998) Fed-batch fermentation
dealing with nitrogen limitation in microbial transglutaminase production by
Streptoverticillium mobaraense Applied Microbiology and Biotechnology 49,
251-257.
Zhu, Y. and Tramper, J. (2008) Novel applications for microbial transglutaminase beyond
food processing. Trends in Biotechnology 26, 559-565.
Zotzel, J., Keller, P. and Fuchsbauer, H.-L. (2003a) Transglutaminase from Streptomyces
mobaraensis is activated by an endogenous metalloprotease. European Journal of
Biochemistry 270, 3214-3222.
Zotzel, J., Pasternack, R., Pelzer, C., Ziegert, D., Mainusch, M. and Fuchsbauer, H.-L.
(2003b) Activated transglutaminase from Streptomyces mobaraensis is processed
by a tripeptidyl aminopeptidase in the final step European Journal of Biochemistry
270, 4149-4155.

2A to the fore – research, technology and applications 223
Biotechnology and Genetic Engineering Reviews - Vol. 26, 223-260 (2009)

2A to the Fore – Research, Technology and
Applications
GARRY A. LUKE1*, HELENA ESCUIN2, PABLO DE FELIPE3 AND MARTIN
D. RYAN1

1

Centre for Biomolecular Sciences, School of Biology, Biomolecular Sciences
Building, University of St Andrews, North Haugh, St Andrews KY16 9ST, UK;
2
Department of Surgery, University of California at Los Angeles (UCLA), Los
Angeles, CA, USA and 3Spanish Medicines Agency (AEMPS), Parque Empresarial
“Las Mercedes”, Campezo 1 - Edificio 8, 28022 Madrid, SPAIN

Abstract
The 2A region of the foot-and-mouth disease virus (FMDV) encodes a short sequence
that mediates self-processing by a novel translational effect. Translation elongation
arrest leads to release of the nascent polypeptide and re-initiation at the next in-frame
codon. In this way discrete translation products are derived from a single open read*
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ing frame. Active 2A-like sequences have been found in (many) other viruses and
trypanosome non-LTR retrotransposons. Exponential growth of 2A technology within
the last decade has lead to many biotechnological/biomedical applications including the generation of transgenic plants/animals and genetic manipulation of human
embryonic stem cells (hESCs).
Introduction
Viruses frequently use unusual regulatory mechanisms to make essential proteins.
Commonly these involve translational control or “recoding” mechanisms. Leaky
stop codons may be read-through (the stop recoded to a sense codon) to produce
either the predicted translation product, or, at a very low level (1-5%) an extended
“read-through”, protein. In the case of programmed ribosomal frameshifting, the
ribosome switches to an alternative frame at a specific site in response to special
signals in the messenger RNA. Frameshifting can produce longer or shorter proteins
than those resulting from standard decoding as shown in Figure 1. Overlapping (e.g.
–UAAUG-; -UGAUG-; AUGA-), or highly proximal stop/start sequences, may give
rise to termination accompanied by a very low level of re-initiation to produce two,
discrete, translation products. Another recoding event is ribosomal “skipping”, first
described in the foot-and-mouth disease virus (FMDV) 2A protein. Here a termination event occurs at a sense codon, followed by release of the nascent polypeptide

Figure 1. The different outcomes of translating either proximal ORF’s (A and B) with a “leaky” stop
codon, or a ribosomal frame-shift site (F-S), or overlapping/proximal stop/start codons are compared
with a single ORF (comprising domains “A” and “B”) with a 2A-like sequence which mediates cleavage
at either high or medium levels.
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prior to ribosomal translocation to the next in-frame codon (Ryan et al., 1999; Donnelly et al., 2001a; Doronina et al., 2008a & b). This strategy has the advantage that
discrete, translation products can be generated from a single transcription unit. As
such it has great potential as a biotechnological tool, reducing the need for multiple
vectors. Examples of each recoding event are illustrated schematically in Figure 1
and are also available in the Database of Translational Recoding, “RECODE”, http://
recode.genetics.utah.edu/ (Baranov et al., 2003). In this review, historical aspects of
the so-called 2A sequence are revised, followed by a more extensive commentary of
the current state of knowledge and the progress made in the use of “self-cleaving”
2A peptides for different biotechnological purposes.
2A Ontology
IDENTIFICATION OF THE 2A DOMAIN

The Picornaviridae comprise one of the largest and most important families of human
and agricultural pathogens. Members of this family include the enteroviruses (e.g.
coxsackievirus, poliovirus), rhinoviruses (aetiologic agents of the common cold),
cardioviruses (e.g. encephalomyocarditis virus, Theilovirus), and aphthoviruses
(e.g. FMDV) (King et al., 2000). The picornavirus genome is a positive-sense RNA
molecule with a central open reading frame (ORF) flanked by highly structured 5’
and 3’ untranslated regions (UTRs). The viral RNA has an oligopeptide (VPg or 3B)
covalently attached to the 5’ terminus and is 3’ terminated with poly(A). The 5’UTR
contains an internal ribosome entry site (IRES) which is used for the cap-independent
translation of the polyprotein (reviewed in Martínez-Salas, 1999; Martínez-Salas et
al., 2008). From a functional point of view, this strategy of protein synthesis allows
some viruses - e.g. poliovirus, human rhinovirus, foot-and-mouth disease virus - to
shut off host-cell protein synthesis and hence usurp the cellular translational machinery for the efficient synthesis of their own proteins. The ORF encodes a large
protein precursor (polyprotein) which can be divided into three regions as a result
of co-translational cleavages by viral proteins 2A and 3C. These correspond to the
N-terminal capsid protein precursor (P1, containing four capsid proteins 1A-1D), the
middle of the polyprotein containing three of the nonstructural proteins (P2, the three
proteins 2A-2C), and the most C-terminal segment of the polyprotein containing four
nonstructural proteins (P3, proteins 3A-3D) (Palmenberg, 1990).
Protein 2A is encoded by all picornaviruses but differs widely in size and function
among its different members. In the case of the enteroviruses and rhinoviruses, the
2A polypeptide is a thiol proteinase (designated 2Apro) whose primary function is to
cleave the polyprotein in cis between the P1 capsid protein precursor and the replicative
domains of the polyprotein (P2/P3) (Sommergruber et al., 1989). The corresponding
aphthoviruses and cardioviruses primary cleavage occurs not between P1 and 2A,
but at the C-terminus of the 2A region between the capsid protein precursor and 2B.
This results in the 2A sequence remaining as a C-terminal extension of the upstream
product ([P1-2A] –aphthoviruses; [L-P1-2A] – cardioviruses) until it is cleaved away
during secondary processing (Ryan et al., 1991; Ryan and Drew, 1994). While the
cardiovirus 2A proteins (between 142 and 157 amino acids [aa]) are of a similar size
to the entero- and rhinovirus 2Apro, no sequence similarity is apparent. The C-terminal
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region of cardiovirus 2A is, however, highly similar to the much shorter aphthovirus
2A on which this review will focus (Donnelly et al., 1997).
PROCESSING BY THE 2A PROTEIN

Secondary 3Cpro cleavage of the [1D2A] precursor protein between 1D and 2A
shows the natural FMDV 2A segment is only 18 aa long (-LLNFDLLKLAGDVESNPG-) (Belsham, 1993). The core sequence at the C-terminus of 2A, together with
the N-terminal proline of 2B (see Figure 2) is strongly conserved and contains the
canonical motif DxExNPGP (where “x” is any amino acid which is not conserved).
The 2A oligopeptide is able to self-cleave at the site corresponding to the 2A/2B
junction (-NPGP-), the 2A sequence remaining as a C-terminal extension of the
upstream product. Following cleavage, the last proline residue forms the N-terminus
of the viral 2B protein (Ryan et al., 1991; Ryan and Drew, 1994). Previous work has
shown that the 2A region of the FMDV polyprotein is not cleaved through the action
of exogenous host proteinases or other virus-encoded proteinases (Ryan et al., 1989;
Ryan et al., 1991; Palmenberg et al., 1992).

Figure 2. Polyprotein processing in FMDV. The sites of the primary cleavages and the virus proteins
responsible are indicated by the curved arrows. The 18aa long 2A sequence is shown along with the
conserved DxExNPGP sequence motif.

To verify the ability of FMDV 2A to function independently of all other FMDV sequences, artificial “self-processing” polyproteins were constructed with the reporter
proteins chloramphenicol acetyltransferase (CAT) or green fluorescent protein (GFP)
and β-glucuronidase (GUS) flanking the 2A linker peptide – in a single ORF (Ryan
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and Drew, 1994; Donnelly et al., 1997; Ryan et al., 1999; Donnelly et al., 2001a &
b). The 2A sequence within such a context was shown to be highly active in mediating cleavage, and latterly used to study the mechanism of the reaction (see Figure 3).
When both [CAT2AGUS] and [GFP2AGUS] were analyzed using in vitro translation systems, relatively more of the upstream-encoded product, either [CAT2A] or
[GFP2A], was generated, suggesting that a nonproteolytic mechanism was involved
(Donnelly et al., 1997). Extensive protein degradation studies, examining the effects
of non-specific premature termination of transcription/translation, have shown that
none of these effects account for this imbalance. This front end loading was due to
different rates of synthesis and constitutes a novel type of recoding, reprogrammed
genetic decoding (Baranov et al., 2002). Further, frame-shifting the 2A oligopeptide
with respect to the reporter proteins demonstrated that activity was mediated by
a mechanism reliant on the peptide sequence rather than the nucleotide sequence
(Ryan et al, 1999). Point mutations introduced into the motif clearly demonstrated
that each of the conserved residues contributes to optimal activity (Donnelly et al.,
2001b; Ryan et al., 2002).

Figure 3. Artificial reporter polyproteins (boxed areas) used to programme in vitro translation systems are
shown together with translation profiles obtained from rabbit reticulocyte lysates (right). Analysis of the
endogenous processing properties shows the polyprotein constructs without the 2A insertion produces a
single uncleaved product whereas polyproteins containing 2A self-cleaves with high efficiency to produce
three translational products.

Sequences immediately upstream of this motif that were shown to be either critical
or very important for activity are not conserved (Donnelly et al., 2001b). Analysis
of translation products derived from a series of constructs in which sequences were
progressively deleted from the N-terminal region of the FMDV 2A insertion showed
that cleavage required a minimum of 13 residues (12N-terminal and 1 C-terminal to
the GP site) (Ryan and Drew, 1994). The N-terminal proline residue of protein 2B
is necessary for cleavage. Deletion of the sequences located upstream or downstream
of 2A did not abolish the cleavage, although sequences immediately upstream were
shown to be either critical, or very important, for activity. Longer versions of 2A with
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extra sequences (total ~30aa) derived from the capsid protein (“1D”) produced higher
levels of cleavage (Ryan et al., 1991; Donnelly et al., 2001b; Groot Bramel-Verheije et
al., 2000; Klump et al., 2001). Previously described 2A-based multigene vectors have
revealed the 2A region functions properly within different contexts, but the cleavage
efficiency varies as flanking context changes. By swapping the order of proteins in
several artificial polyproteins the stoichiometry is affected by the gene upstream of
2A (Ma and Mitra, 2002; Lengler et al., 2005; Chinnasamy et al., 2006).
OCCURRENCE OF 2A ELEMENTS IN VIRAL AND CELLULAR mRNAs

The C-terminal 18aa of the encephalomyocarditis and Theiler’s murine encephalitis
virus 2A proteins also mediates a co-translational cleavage at their C-termini (Donnelly
et al., 1997). A compilative analysis of genome sequences shows the DxExNPGPmotif to be present in several genera of the Picornaviridae (aphtho-, cardio-, erbo-,
tescho and certain parechoviruses), single-stranded RNA insect viruses (iflaviruses,
dicistroviruses, tetraviruses), double-stranded RNA viruses of the Reoviridae (type C
and non-ABC rotaviruses, cypoviruses) and penaeid shrimp viruses (Table 1). 2A-like
sequences are also found in trypanosome repeated sequences (T.cruzi – L1Tc: T.brucei
– TSR1) and cellular sequences, both eukaryotic and prokaryotic (Tables 2 & 3).
Cleavage activity of representatives of these 2A-like sequences was studied in our
[GFP-GUS] reporter polyprotein system (Luke et al., 2008). At the two “x” positions
in the consensus, although there is no conserved amino acid, the choices are limited.
The position of the valine in FMDV 2A [ -DVESNPGP- ] is represented in all active 2A-like sequences by either valine or isoleucine. At the position of the serine
(-DVESNPGP-), the amino acids can differ between threonine, methionine, leucine,
glutamate, glutamine, lysine or proline. Surprisingly, cellular sequences fitting the
consensus showed no skipping activity, whereas 2A-like sequences in infectious
flacherie virus (IFV; GIESNPGP), new adult diarrhoea virus (ADRV-N; CIESNPGP)
and L1Tc within T.cruzi (DIEQHPGP) were active (Donnelly et al., 2001b; Heras et
al., 2006; Luke et al., 2008). We therefore favour the idea that this motif alone is not
sufficient to confer skipping but requires an appropriate (immediate) upstream element.
Previous studies have shown that 2A works efficiently in all eukaryotic cells tested to
date: mammalian (Ryan and Drew, 1994), plant (Halpin et al., 1999), insect (Roosien
et al., 1990), fungi (Thomas and Maule, 2000) and yeast (de Felipe et al., 2003).
A CO-TRANSLATIONAL MODEL OF 2A-MEDIATED CLEAVAGE

To give an explanation to these findings we propose the nascent 2A-peptide interacts
with the exit tunnel of the ribosome to achieve the correct stereo-chemical constraints
for the turn motif at the C-terminus of 2A (-ESNPG-) within the peptidyl transferase
centre. This conformation of 2A pauses elongation and prevents nucleophilic attack on
the carbonyl group of the P site peptidyl-tRNAGly by the A site prolyl-tRNAPro amino
group. Instead of peptide bond formation, the N-terminal product is somehow released
from the ribosome by hydrolysis of the peptidyl(2A)-tRNA ester bond. Here translation
either terminates at a sense codon or re-initiates by translocation of the proly-tRNA
to the P site. We term this translational effect ribosomal “skipping”, highlighting the
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Table 1. 2A/2A-like sequences in viruses
Genus

Full name

Positive-stranded RNA viruses: Picornaviridae
Aphthovirus
Foot-and-mouth disease virus
Equine rhinitis A virus
Cardiovirus

Erbovirus
Teschovirus
New genus
New genus
Parechovirus

Bovine rhinovirus 2
Encephalomyocarditis virus
Theiler’s murine encephalomyelitis
virus
Theiler’s-like virus of rats
Saffold virus
Equine rhinitis B virus
Porcine teschovirus 1
Duck hepatitis virus 1
New duck hepatitis virus
Seneca valley virus
Ljungan virus

Abbreviation Reference
FMDV
ERAV

Forss et al., 1984
Li et al., 1996

BRV2
EMCV
TMEV

E. Rieder, pers. com.
Duke et al., 1992
Law and Brown, 1990

T-LV
SAF-V
ERBV
PTV-1
DHV-1
N-DHV
SVV
LV

Ohsawa et al., 2003
Jones et al., 2007
Wutz et al., 1996
Doherty et al., 1999
Kim et al., 2006
Tseng and Tsai, 2007
acc no: DQ641257
Lindberg and Johansson,
2002

Positive-stranded RNA viruses: Iflaviruses (unassigned family)
IFV
Iflavirus
Infectious flacherie virus
PnPV
Perina nuda picorna-like virus
Ectropis oblique picorna-like virus EoPV
Positive-stranded RNA viruses: Dicistroviridae
CrPV
Cripavirus
Cricket paralysis virus
DCV
Drosophila C virus
ABPV
Acute bee paralysis virus
KBV
Kashmir bee virus
Israel acute paralysis virus of bees IAPV
Positive-stranded RNA viruses: Tetraviridae
TaV
Betatetravirus Thosea asigna virus
EeV
Euprosterna elaeasa virus
PrV
Providence virus
Segmented double-stranded RNA viruses: Reoviridae
HuRV-C
Rotavirus
Human rotavirus C
BoRV-C
Bovine rotavirus C
PoRV-C
Porcine rotavirus A
ADRV-N
New adult diarrhoea virus
BmCPV-1
Cypovirus
Bombyx mori cypovirus 1
Dendrolimus punctatus cypovirus 1 DpCPV-1
LdCPV-1
Lymantria dispar cypovirus 1
Operophtera brumata cypovirus 18 OpbuCPV-18
Non-segmented double-stranded RNA viruses: Totiviridae
Unclassified

Infectious myonecrosis virus

IMNV

Isawa et al., 1998
Wu et al., 2002
Wang et al., 2004
Wilson et al., 2000
Johnson and Christian,
1998
Govan et al., 2000
de Miranda et al., 2004
Maori et al., 2007
Pringle et al., 1999
Gorbalenya et al., 2002
Pringle et al., 2003
Chen et al., 2002
Jiang et al., 1993
Bremont et al., 1992
Yang et al., 2004
Hagiwara et al., 2002
Zhao et al., 2003
Rao et al., 2003
Graham et al., 2006
Poulos et al., 2006
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Table 2. 2A-like sequences in trypanosomes
Full name
Trypanosoma cruzi

Protein name
L1Tc non-LTR retrotransposon

Trypanosoma brucei

ingi non-LTR retrotransposon

Reference
Heras et al., 2006
Martin et al., 1995
Hasan et al., 1984
Murphy et al., 1987

Table 3. 2A-like sequences in eukaryotic and prokaryotic genomes
Full name
Giardia lamblia
Drosophila melanogaster
Mus musculus
Thermatoga maritima

Protein name
Hypothetical protein
Mod(mdg4)59.0 protein
Mu opioid receptor variant F, MOR-1F
Alpha-glucuronidase

Reference
acc no: Q7R2B0
Buchner et al., 2000
Pan et al., 2000
Ruile et al., 1997

crucial aspect of our model - the peptidic bond between the C-terminal glycine of 2A
and the N-terminal protein of 2B is not synthesized but skipped (Ryan et al., 1999;
Donnelly et al., 2001a; de Felipe et al., 2003). Corroborative results by Atkins et al.
(2007) has led them to tentatively propose that this “2A” phenomenon be named
“StopGo” or some alternative that better reflects its intriguing activity (see also Atkins
and Ryan, 2008).
Recent findings suggest that this model needs revision, because release (termination) factors eRF1 and 3 are now known to contribute to 2A translation termination
(Doronina et al., 2008a & b). In eukaryotes, these factors associate in a complex which
binds to the elongating ribosome when a stop codon enters the A site (Zhouravleva
et al., 1995). According to the revised model, the ribosome stalls at the end of 2A
where RFs are thought to “recognize” the A site proline codon as a termination signal leading to hydrolysis of the glycine-tRNA ester bond and peptide release. Thus,
beyond preventing formation of the peptide bond, the stalled ribosome-2A complex
must promote entry of RF without it “reading” the mRNA. RF dissociation from the
termination complex facilitates entry of prolyl-tRNA to the A site of the ribosome.
The prolyl-tRNA is then translocated from the A to the P site to become the initiating aminoacyl-tRNA of the downstream protein. Whether the ribosome dissociates
or continues to translate the downstream context after hydrolysis may depend on the
concentration of eukaryotic elongation factors.
Bearing in mind that the two translation products emerge independently from the
ribosome, it seems that in all probability targeting information on each one will be
processed independently by the cell. Co-translational targeting to the endoplasmic
reticulum (ER), Golgi, vacuole, or plasma membrane begins when the signal recognition particle (SRP) binds to a hydrophobic signal sequence of around 15aa present at
the N-terminal end of the emerging protein (Zwieb et al., 2005). The nascent chain
is subsequently guided, via the SRP receptor at the ER, to the protein-conducting
channel, or translocon (Keenan et al., 2001; Thomas Rutkowski et al., 2001). This
topological arrangement is such that proteins are “insulated” from the cytoplasm as
they pass from the peptidyltransferase centre through the ribosomal tunnel to the lu-
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men of the ER. A signal sequence (DNα-factor or Pho8p) fused to the N-terminus of
a 2A-based polyprotein expressed in Saccharomyces cerevisiae resulted in secretion
of the protein upstream of 2A while the protein downstream of 2A (and lacking any
signal sequence) remained in the cytoplasm (de Felipe et al., 2003). We suggest these
observations are reconciled by our co-translational model in which 2A-mediated
cleavage is proteinase independent and occurs within the ribosome (de Felipe et al.,
2003; de Felipe and Ryan, 2004).
TARGETED EXPRESSION OF RECOMBINANT PROTEINS

The stability of a protein, its folding and assembly as well as post-translational modification for bioactivity depend on the cellular environment. Consequently, protein
subcellular targeting is frequently required to achieve optimal protein expression and is
commonly used to improve protein yield. By the inclusion of a range of co-translational
signal sequences into our artificial reporter polyprotein systems we have shown that a
protein with a signal sequence located at the N-terminus, followed by 2A and then a
protein lacking any signal leads to localization of the first protein in the endomembrane
system and the second protein in the cytosol (de Felipe et al., 2003; El Amrani et al.,
2004). This is the case for plants and yeast, but not for the mammalian translocon
system where the second protein is transferred by a “piggyback” effect into the ER (de
Felipe and Ryan, 2004). We have shown this effect is due to low cleavage efficiency
of the 2A-peptide motif (de Felipe et al., 2009). Interactions between the nascent
protein and the translocon may affect the conformation of 2A within the ribosome
tunnel and, in consequence, the tight-turn motif at its C-terminus. As a result, a large
proportion of the translation products are uncleaved, leading to translocation of the
fusion protein into the exocytic pathway. Solutions to this problem include the use of
longer 2As and/or, modifying the order of the proteins comprising the polyprotein.
For polyproteins encoding a polypeptide destined to remain in the cytoplasm linked
to an ER membrane or luminal protein via 2A, both polypeptides target to the correct location (de Felipe and Ryan, 2004; El Amrani et al., 2004). More recent work
in plant cells has shown if a signal peptide was positioned between the polypeptides,
2A was deemed unnecessary unless both polypeptides were translocated across the
ER membrane (Samalova et al., 2006). It appears that separation was dependent on
the signal peptide cleavage, presumably by signal peptidase.
In contrast to the co-translational integration of secretory/trans-membrane proteins
into the ER membrane, proteins destined for plastids, mitochondria, peroxisomes, and
nucleus are synthesized by a common pool of free ribosomes situated in the cytosol.
Many of these bear an N-terminal targeting signal, or transit peptide, which transports
them through a post-translational targeting pathway to their final destination (Duby
and Boutry, 2002; Soll, 2002). Proteins can be targeted post-translationally and imported to nucleus, mitochondria, chloroplast etc, when expressed from either anterior
or posterior positions within a 2A-polyprotein if they possess the appropriate transit
peptide (El Amrani et al., 2004). As a caveat, Samalova et al. (2006, 2008) show that
2A, when placed downstream of GFP and RFP (red fluorescent protein) derivatives,
does not promote efficient cleavage during translation on plant ribosomes. Since 2A
activity can exhibit wider sequence-specific variation in plants than in animals, these
findings do not necessarily contradict reports of its successful use in plants (Santa

232

G.A. Luke et al.

Cruz et al., 1996; Ma and Mitra, 2002; El Amrani et al., 2004; Lengler et al., 2005).
Potential solutions to the problem include: (i) the use of longer 2As containing a
favourable upstream context to avoid the potential presence of inhibitory residues at
the C-terminus of the heterologous protein upstream of 2A, or (ii) optimization of the
short 2A sequence itself to make its activity independent of the context.
2A in yeast biotechnology
Yeasts are attractive hosts for commercial heterologous protein production. These
organisms have the significant advantages of a moderately uncomplicated process for
generation of an expression strain, rapid growth and relatively low costs for production.
The methylotrophic yeast, Pichia pastoris, is particularly well suited to foreign protein
expression for a number of reasons, including ease of genetic manipulation, high levels
of protein expression at the intra- or extracellular level, and the capability of performing many eukaryotic post-translational protein modifications such as glycosylation
and proteolytic processing (reviewed in Daly and Hearn, 2005; Macauley-Patrick
et al., 2005). It is well established that “environmental” stress situations, and stress
reactions, of the host cells can influence the productivity of Pichia expression systems
(Mattanovich et al., 2004). Particular attention has been paid to the introduction of
glycine betaine (GB) synthesis for improving resistance against different stresses
(Le Rudulier et al., 1984). GB is generally considered to be the most compatible of
the compatible solutes. In higher plants, GB is formed as the result of the two-step
oxidation of choline by choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH). The genes encoding the two enzymes of GB synthesis in the
halophyte Suaeda salsa were cloned and fused with the FMDV 2A in a single open
reading frame. The fused genes “CMO-2A-BADH” transformed in P. pastoris were
expressed successfully and the polyprotein was “cleaved” to each functional protein,
[CMO-2A] and [BADH]. These GB-synthesizing transgenic lines were more tolerant
to salt, methanol, and high temperature stresses (Wang et al., 2007). The successful
application of 2A technology in Saccharomyces cerevisiae (de Felilpe et al., 2003)
and Pichia pastoris will be valuable for visually marking transgene-expressing cells,
or in any situation where reliable co-expression of multiple transgenes is desired.
2A in plant biotechnology
STABLE EXPRESSION IN PLANTS

Over the past two decades, the plant genome has been engineered with single genes
for the production of transgenic crop plants expressing herbicide tolerance (Heck et
al., 2005), as well as resistance to fungal (Broglie et al., 1991), viral (Nelson et al.,
1988), and bacterial (Mentag et al., 2003) diseases and insect pests (Vaeck et al.,
1987). Although this has remained a major area of research, recent years have seen the
emergence of plants as “factories” for the commercial production of valuable recombinant proteins. Numerous examples of heterologous proteins produced in a variety
of plant hosts have been reported (Smith and Glick, 2000; Howard and Hood, 2005).
Genetic engineering is thus moving from the initial phase of introducing single traits
to multigenic traits, coding for complete metabolic pathways or biopharmaceuticals
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that require an assembly of complex multisubunit proteins (for a review see DafnyYelin and Tzfira, 2007). Conventional approaches to multigene engineering include
sexual crossing, re-transformation, and co-transformation with multiple plasmids, or
with single plasmids on which several transgenes are linked (reviewed in François
et al., 2002). However, there are drawbacks associated with these strategies such as
unpredictable silencing and variability of transgene expression (reviewed by Halpin,
2005). As an alternative, several examples of the polyprotein approach for coordinate
and stable expression of multiple proteins have been reported in the literature (François
et al., 2002; El Amrani et al., 2004; Liang et al., 2005). These examples differ in
the linker sequence used to connect the different proteins and the resulting mode of
cleavage of the precursor. In plant biotechnology, 2A has been used successfully as a
linker in several examples of metabolome engineering and the introduction of novel
product traits (reviewed in Luke et al., 2006; de Felipe et al., 2006).
Stress responses in engineered plants

Improving the resistance of crops to osmotic stresses was one of the first objectives of
plant metabolic engineering (Le Rudulier et al; 1984), and remains a major goal today.
A common response of ahydrobiotic organisms to drought, salinity, and low temperature stresses is the accumulation of organic compounds of low molecular weight known
collectively as compatible solutes. Trehalose is a non-reducing disaccharide of glucose
that functions as a compatible solute in the stabilization of biological structures under
abiotic stress in bacteria, fungi and invertebrates. With the notable exception of the
desiccation-tolerant “resurrection-plants,” trehalose is not thought to accumulate to
detectable levels in most plants. The engineering of trehalose accumulation in plants
has been undertaken not only to improve drought – and salt-tolerance, but also to
produce trehalose at low cost for use as a stabilizing agent for pharmaceuticals and
other products. Trehalose is biosynthesized by the trehalose-6-phosphate synthase/
phosphatase (TPS1/TPS2) enzyme complex in a two-step pathway. Both TPS1 and
TPS2 genes of Zygosaccharomyces rouxii were introduced simultaneously into potato
plants as a ZrTPS2-2A-ZrTPS1 polyprotein in an attempt to generate abiotic stress
tolerant plants. Although co-ordinate expression of both proteins was not shown, the
resulting transgenic potato plants exhibited increased drought tolerance (Kwon et al.,
2004). This one step system also raised the possibility of generating plants resistant
to other abiotic stresses.
To defend themselves against fungal pathogens, plants largely depend on the production of a wide array of antifungal molecules, including antimicrobial peptides such as
defensins (Lay and Anderson, 2005). The precise mode of action of defensins is not
completely understood, although it is generally accepted that they act at the level of
the plasma membrane (Thevissen et al., 2003). Further, defensins exhibit synergistically enhanced antifungal activity (François et al., 2002). A polyprotein precursor
consisting of two different plant defensins, DmAMP1 (from dahlia seed) and RsAFP2
(from radish seed), with their own signal peptide separated by an LP4-2A hybrid
linker peptide, was successfully processed in Arabidopsis thaliana (François et al.,
2004). The hybrid linker was the first nine amino acids of the fourth linker peptide
of the naturally occurring polyprotein precursor originating from seed of Impatiens
balsamina (SNAADEVAT) followed by the 20 amino acids of FMDV 2A (Ryan and
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Drew, 1994; Tailor et al., 1997). The DmAMP1 was released with 2 additional amino
acids at its carboxy-terminus, namely serine and asparagine. The authors speculate
that the endogenous proteinase responsible for this cleavage is an asparagine-specific
proteinase cleaving at the carboxy-terminus of asparagine. By using a hybrid linker
peptide it was possible to produce the individual plant defensins and to target them
to mutually exclusive cellular compartments.
Improving the nutritional value of plants

Making use of the innate protein sorting and targeting mechanism that plant cells normally use for targeting, combinatorial 2A strategies can enhance expression levels of
recombinant proteins in plants. In developing maize endosperm cells, the accumulation
of zeins (the major storage proteins of maize) involves transport of the newly synthesized proteins into the ER by means of an N-terminal signal peptide, and then assembly
into protein bodies. Randall and co-workers (Randall et al., 2004) investigated the
potential for producing sulphur-rich β-zein and δ-zein proteins by co-expressing the
corresponding genes (each with its signal sequence) as a β-zein-2A-δ-zein construct
in transgenic tobacco. Effective processing of the polyprotein was observed, resulting in the stable accumulation of both zein proteins that were targeted to ER-derived
protein bodies. When the zeins were fused directly without 2A, the fusion was highly
unstable and no separation of β- and δ-zein moieties was observed.
Astaxanthin or its precursors are high-value carotenoids with industrial and biomedical applications. Most astaxanthin available commercially is chemically synthesized.
In carotenogenic organisms β-carotene is converted into astaxanthin using several
ketocarotenoid intermediates and two enzymes: a β-carotene ketolase encoded by
the crtW gene, and a β-carotene hydroxylase encoded by the crtZ gene. Although the
substrate for ketocarotenoid formation, β-carotene, is present in substantial quantities in all photosynthetic plant tissues higher plants do not possess the ability to form
ketocarotenoids. Plant-based production offers an attractive cost effective option.
The two enzymes crtW and crtZ (from Paracoccus sp), carrying N-terminal transit
peptide extensions to mediate their post-translational import into chromoplasts,
were simultaneously introduced into plants as a crtW-2A-crtZ construct. Subsequent
cleavage of the polyprotein, targeting of the two enzymes to the plastid and enzyme
activity was shown for both gene products in both tobacco and tomato plants (Ralley
et al., 2004).
Plants as bioreactors for pharmaceutical proteins

The use of transgenic plants, seeds and cultured plant cells as bioreactors is now well
established. Plant systems offer a safe and cost-effective alternative to microbial or
mammalian expression systems for the production of recombinant biopharmaceutical proteins. In particular, genetically modified seeds are very cost-efficient hosts.
Yasuda et al. (2005) describe a new approach to express the small human peptide
hormone, GLP-1 (Glucagon-Like Peptide-1), in rice seed. GLP-1 is a potent blood
glucose-lowering hormone that stimulates the secretion of insulin from pancreatic
β-cells (Drucker, 2001). The actions of GLP-1 to reduce glycaemia while preventing concomitant weight gain has attracted considerable interest in pharmaceutical
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approaches to enhancing GLP-1 action for the treatment of type 2 diabetes (Deacon,
2004). The expression of small peptides in genetically modified plant systems is
frequently compromised by transgene silencing (Okamoto et al., 1998; François et
al., 2002). To avoid silencing, mGLP-1 was fused to GFP with or without the selfprocessing FMDV 2A sequence, and introduced into rice plants. Both chimeric genes
were highly expressed in these transgenic rice seeds, indicating that gene silencing
could be avoided by coupling of smaller peptides to a carrier protein (Sugita et al.,
2005). Furthermore, the fusion protein containing the 2A sequence was efficiently
processed into GFP2A and mGLP-1 peptides. Lack of accumulation of mGLP-1
released by 2A was explained by proteolytic digestion in the cytosolic space of the
cells. If the mGLP-1 peptide were targeted into another compartment such as ER or
extracellular space, the peptide should accumulate in rice seed cells.
TRANSIENT EXPRESSION IN PLANTS
Plant virus fusion proteins

The small size of plant viral genomes, coupled with rapid and convenient engineering,
makes viral expression vectors an attractive alternative to production systems based
on transgenic plants. Such vectors offer temporary, transient expression systems for
the production of valuable proteins, such as vaccines and antibodies in plants. The
most widely used viruses are Potato virus X (PVX) (Avesani et al., 2003); Tobacco
Mosaic virus (TMV) (Karasev et al., 2005) and Cowpea Mosaic virus (CPMV) (Liu
et al., 2005). While the expression and assembly of full-length proteins is often the
objective, another important application is the expression of peptides as coat protein
(CP) fusions (Cañizares et al., 2005). Such fusions serve to stabilize the expressed
protein or peptide, and their purification is straightforward (Porta and Lomonossoff,
1998). For rod-shaped viruses, such as PVX, structural and immunological evidence
reveals that the N-terminal part of the CP is presented on the particle surface, enabling
the decoration of the particle with a recombinant fusion peptide or protein (Baratova
et al., 1992). Inoculation of plants with a recombinant virus genome encoding GFP
fused to CP [GFP-CP] have been shown not to produce any particles whereas expression of the fusion protein GFP linked to CP via the FMDV 2A [GFP-2A-CP] resulted
in the formation of virus decorated with GFP (Figure 4). Assembly of “decorated”
virions required the presence of free coat protein subunits in addition to the fusion
protein subunits. Furthermore, the modified virus retained the ability to move locally
and systemically through the plant (Santa Cruz et al., 1996). The crystallographic
data of CPMV shows that the N-terminus of the L coat protein is buried inside the
virus particles (Lomonossoff and Johnson, 1991). Particularly puzzling then is the
finding that some GFP-2A-L fusion proteins appear to be incorporated into the virus
particles, resulting in a “green virus” (Gopinath et al., 2000).
Plant viruses have recently been considered as attractive systems for the presentation
of foreign epitopes as immunogens in the development of novel vaccination strategies
(Streatfield and Howard, 2003). In particular, edible vaccines show great promise as a
low-cost delivery mechanism for immunization against various diseases. Classical swine
fever (CSF) is an economically important viral infectious disease affecting wild boars
and domestic pigs. The envelope glycoprotein (E2) of CSFV was expressed in Nicotiana
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benthamiana plants as an N-terminal fusion via 2A-peptide from FMDV with the PVX
coat protein [PVX E2-2A-CP]. The resulting chimeric virus particles, purified and used
to immunize rabbits, were able to elicit high levels of anti-E2 antibodies. Furthermore,
serial infections in N. benthamiana demonstrated the epitope coding sequences could
still be detected in the third infection cycle. The presence of mixed-type particles assembled from a pool of CP and E2-2A-CP fusion polypeptides contributed to insert
stability and maintained virus infectivity (Marconi et al., 2006).

Figure 4. Organization of the wild-type PVX; PVX.GFP-CP, PVX modified to express free GFP and PVX.
GFP-2A-CP, PVX modified to express the GFP-2A-CP fusion protein. Boxes represent coding sequences.
The predicted Mr values of the four viral proteins common to all constructs are indicated.

Antibody expression in plants (plantibodies)

An alternative to inducing the immune system to produce antibody is to deliver them
directly. Antibodies can be expressed either transiently in plant leaves or stably in
transgenic plants, depending on the applications required (Ma et al., 2005). Transient
gene expression with modified viral vector is a fast and flexible expression system
for high-level production of recombinant antibodies without generation of transgenic
plants. Recombinant antibodies include fully assembled whole immunoglobulins (Verch
et al., 1998), antigen-binding fragments of immunoglobulins (Sainsbury et al., 2008),
and single-chain variable fragment gene fusions (scFv) (Smolenska et al., 1998). To
demonstrate the value of this approach a PVX vector was used to express a scFv against
the herbicide diuron, as a fusion to the viral coat protein [scFv-2A-CP]. The modified
virus accumulated in inoculated Nicotiana clevelandii plants and assembled to give virus
particles carrying the functional antibody fragment (Smolenska et al., 1998).
The potential advantages which make CPMV an attractive vector system are that the
virus grows extremely well in host plants, virus particles are thermostable, and virus
particles can easily be separated from infected plant tissue. The genome of CPMV
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consists of two positive-stranded RNAs, termed RNA-1 and RNA-2, which are separately encapsidated in identical protein shells (for a review see Goldbach and Wellink,
1996). Both RNAs are translated to give precursor polyproteins, which are processed
into functional polypeptides. RNA-1 encodes proteins involved in RNA replication
and RNA-2, which is dependent on RNA-1 for its replication, encodes the viral movement protein (MP) and the two coat proteins, large (L) and small (S) (Pouwels et al.,
2002). When the sequence of GFP was linked to the C-terminus of the S coat protein
via an active FMDV 2A sequence [CPMV/S-2A-GFP], a highly infectious construct
expressing non-fused GFP was obtained (Gopinath et al., 2000). In this context, using
multiple copies of RNA-2 containing different marker genes, it has been demonstrated
that at least two foreign proteins can be produced at high levels and co-directed to the
same location in inoculated tissue (Sainsbury et al., 2008). To this end, it was possible
to use two different RNA-2 molecules containing the heavy and light chains of a murine
antibody to express assembled IgG in Nicotiana benthamiana. A notable finding from
this study is that substantially higher levels of assembled antibody could be obtained
using deleted rather than full-length versions of RNA-2. In this system, the region encoding the movement protein and both coat proteins has been removed (Cañizares et
al., 2006). It is clear that deleted versions offer distinct advantages, not only in terms
of expression levels but also in terms of biocontainment.
2A in Animal Biotechnology
IMPROVING THE EFFICACY OF DNA VACCINES

Cytokines are powerful regulators of the immune response. The cytokine interleukin-12
(IL-12) is essential for the induction of interferon-γ (IFN-γ) T helper 1 (Th1)-like cell
responses, and is considered to play a central role in the interaction between the innate
and adaptive arms of immunity (Trinchieri et al., 2003). IL-12 is functionally active
as a heterodimer consisting of p35 and p40 subunits linked by a disulphide bond. The
expression of this cytokine has been complicated by the observation that p40 homodimers exhibit antagonistic activity towards IL-12 (Gillessen et al., 1995). Therefore, it
is desirable to express equal amounts of both chains to generate biologically active
IL-12 (Wolf et al., 1991). Given the stoichiometric production of 2A-peptide linked
proteins, this system is ideally suited for the expression of heterodimeric IL-12. Among
ruminants, recombinant bovine and ovine IL-12 have been produced using the FMDV
2A as a linker between the p40 and p35 subunits (Collins et al., 1998; Chaplin et al.,
1999; De Rose et al., 2000; Premraj et al., 2006).
The ability of plasmid DNA vaccine-elicited immune responses to protect against
viral and bacterial infections, parasites, cancers, and autoimmune diseases has been
well documented in a variety of animal models. One approach to improve the immunogenicity of DNA vaccines is through the co-delivery of cytokine expression
plasmids as genetic adjuvants (Egan and Israel, 2002). Several studies have established
that DNA vaccines encoding mycobacterial antigens induce partial protection against
experimental infection with Mycobacterium tuberculosis, M.leprae or M.avium. Furthermore, co-immunization with IL-12 (p2AIL-12) enhanced the immune response to
these DNA vaccines (Triccas et al., 2002; Palendira et al., 2002; Martin et al., 2003).
IL-12 represents the first heterodimeric protein in an expanding cytokine family, that
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includes the two new but so far not well characterized members IL-23 and IL-27
(Trinchieri et al., 2003; Brombacher et al., 2003). Wozniak et al. (2006) compared the
effects of plasmids expressing both chains of IL-12, IL-23, and IL-27 as adjuvants for
DNA immunization against M. tuberculosis infection. The genes encoding p19 and
p40 chains of IL-23 and Epstein-Barr virus induced gene 3 (EBI3) and p28 chains of
IL-27 were cloned on either side of FMDV 2A. Codelivery of plasmids expressing
IL-12 and IL-23 (but not IL-27) with the protective antigen DNA85B increased the
expansion of antigen-specific IFN-γ secreting T cells and enhanced protective immunity. The ability to produce DNA vaccines expressing multiple epitopes (Yu et al.,
2007) means that adjunctive immunotherapy may be tailored for a given pathogen.
THERAPEUTIC MONOCLONAL ANTIBODIES

Engineered antibodies designed as intact molecules or recombinant fragments are
currently being developed for the effective treatment of illnesses as varied as cancer,
viral diseases and autoimmune diseases. Although in vivo transfer of genes encoding
specific antibodies could make a significant contribution to medical therapy, the major
concern is whether the production will be sufficient to create therapeutically effective
plasma levels. In a promising study, Fang et al. (2005) describe a recombinant adenoassociated virus (rAAV) gene delivery system that allows sustained production of a
full-length antibody at high-concentrations in mice. Monoclonal antibodies (mAbs)
as anti-angiogenic agents were expressed from a single ORF by linking the heavy and
light chains with a FMDV 2A-peptide. Furthermore, to produce authentic antibody,
the 2A sequence at the carboxy-terminus of the heavy chain was removed by adding
a furin cleavage site (RAKR) immediately upstream of 2A. Furin is a ubiquitous cellular endoprotease that processes a diverse group of functionally distinct precursors as
they pass through the trans-Golgi en route to the plasma membrane (Steiner, 1998).
This modification resulted in increased mAb serum levels and produced an antibody
that closely resembles the fully native protein.
Another concern about gene transfer is the possibility of unwanted and harmful
self-directed responses associated with systemic exposure. An approach to uncouple
these events with the clinical responses is to administer the antibody locally. Both
preclinical murine models and early clinical studies suggest synergy between CTLA-4
antibody blockade and vaccination with irradiated GM-CSF tumour cells (Hurwitz et
al., 2000; Hodi et al., 2003; Quezada et al., 2006). Cytotoxic T lymphocyte antigen-4
(CTLA-4) signaling plays an important role in the down-regulation of activated T
cells and granulocyte macrophage colony-stimulating factor (GM-CSF) is a cytokine
that functions as a white blood cell growth factor. In a combinatorial study, tumour
regression as well as decreased levels of autoimmunity associated antibodies have
been observed in mice treated with a whole cell immunotherapy for the local secretion
of anti-CTLA-4 and GM-CSF (Simmons et al., 2008). The retroviral transfer vector
used for expressing the full-length murine anti-CTLA-4 mAb was generated by linking the heavy and light chains using furin and FMDV 2A cleavage sites. Considered
together, the longevity of antibody production and the maintenance of tolerance,
promising applications of 2A-based therapeutic mAbs might exist in the treatment
of chronic diseases such as cancer.
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2A-BASED VECTORS IN GENE THERAPY

Gene therapy potentially represents one of the most important developments in modern
medicine. The philosophy of gene therapy is simple: “transfer of genetic material to
cure a disease or at least to improve the clinical status of a patient” (Pfeifer and Verma,
2001). Gene therapy is being developed for a range of diseases including inherited
monogenic disorders (e.g. cystic fibrosis), but it is in the treatment of polygenic diseases that this approach has been most evident. For this reason, gene therapy would
benefit from vectors capable of expressing multiple genes. Conventional approaches
for the production of multicistronic vectors include the use of IRES elements, multiple
promoters, and fusion proteins. IRES elements can be large and none of these strategies ensures predictable concordant gene expression. The major advantages of using
2A are its relatively small size and efficient co-expression of transgenes is ensured.
To construct multigene vectors, the 2A sequence has been successfully incorporated
into adenovirus (Funston et al., 2008), adeno-associated virus (AAV) (Furler et al.,
2001; Fang et al., 2005), retrovirus (Schmidt and Rethwilm, 1995; de Felipe et al.,
1999; Klump et al., 2001; Szymczak et al., 2004; Milsom et al., 2004), lentivirus
(Chinnasamy et al., 2006; Yang et al., 2008; Lee et al., 2008) and plasmid vectors
(Osborn et al., 2005; Hasegawa et al., 2007).
Optical imaging of gene expression in animal models

Recent advances in molecular imaging technologies should allow the imaging sciences to play a major role in clinical gene therapy (for general reviews on the subject
see Massoud and Gambhir, 2003; Jaffer and Weissleder, 2005; Lee et al., 2008). In
particular, reporter genes with optical signatures (e.g bioluminescence and fluorescence) offer “low”-cost options to “see” the expression of therapeutic genes in targeted
tissues. In a recent study, bioluminescence imaging (BLI) with firefly luciferase (fluc)
of murine haematopoietic stem cells (HSCs) was used for observing the impact of
drug selection on the dynamic repopulation process after transplantation (Lee et al.,
2008). The chemo-drug resistant gene P140K MGMT and fluc gene were linked by
the FMDV 2A. O6-methylguanine-DNA-methyltransferase (MGMT), a DNA repair
protein, is known to remove alkyl groups from the O6 –position of guanine, thus
regenerating intact DNA (Daniels and Tainer, 2000). This therapy resulted in the
proportional and constant co-expression of both genes over a wide range of transgene
expression levels and eliminated the attenuation and tissue-variation problems of the
IRES-based approach (Yu et al., 2000).
Combinations of imaging modalities that integrate the strengths of the two modalities offer the prospect of improved therapeutic monitoring and new opportunities for
imaging. In vivo bioluminescence imaging is a powerful technology based on the use
of optically active luciferase reporters. A particular challenge has been to introduce
the luciferase gene into cells of interest. The problem has, in part, been circumvented
by Cao and colleagues, who generated transgenic mouse strains that constitutively
express luciferase (Cao et al., 2005). To extend this approach fluc was coupled to
GFP via FMDV 2A to create a dual function reporter system. Using these transgenic
animals, any cell population can be isolated and used as a virtually unlimited source
of uniformly labeled cells for stem cell and transplantation studies. Stem cells isolated
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from this line, were used to successfully demonstrate, in real time, the early events
and dynamics of haematopoietic engraftment in living animals.
Mucopolysaccharidosis type 1 (MPS1) is a lysosomal disease due to mutations
in the IDUA gene, resulting in deficiency of α-L-iduronidase and accumulation of
glycosaminoglycans (GAGs). Individuals presenting with the most severe forms of
MPS1 typically suffer from a number of progressively debilitating symptoms (Neufeld
and Muenzer, 2001). Bone marrow transplant (BMT), which is a standard therapy for
MPS1, is not curative and can lead to morbidity and mortality as complications of the
procedure (Peters et al., 1996). Enzyme replacement therapy (ERT) has been developed
as a treatment for a number of lysosomal storage diseases. (Kakkis et al., 2001; Wraith
et al., 2004). Therapeutic vectors capable of replacing IDUA enzyme levels while at
the same time allowing for direct detection would be useful for preclinical and gene
therapy studies. The small 2A-like sequences of porcine teschovirus (P2A) and Thosea
asigna virus (T2A) were used to create a tricistronic vector encoding the luciferase and
DsRed2 reporter genes coupled to the therapeutic IDUA gene (IDUA-P2A-luciferaseT2A-DsRED). Efficient cleavage was observed and all three proteins were functional in
vivo and in vitro, allowing for high enzyme levels that could be tracked by non-invasive
whole-body luciferase imaging and at the cellular level using DsRed2 (Osborn et al.,
2005). The use of dual optical reporter genes in this way, has been shown to enable in
vivo measurements to facilitate and direct in vitro examination.
Stem cell-based gene therapy

Notwithstanding the topical debate on the use of embryonic stem cells (ESCs) versus
adult stem cells, both cell types can contribute to the development of regenerative
medicine and tissue replacement. Human embryonic stem cells (hESCs) and their
derivatives have the advantage of pluripotency and are easily accessible for controlled
and specific genetic manipulation. As an initial step in genetic modification, hESCs and
hESC-derived cells transfected with plasmid GFP(2A)DsRed showed GFP and DsRed
fluorescence (Hasegawa et al., 2007). This is in contrast to IRES-mediated translational
initiation where the downstream gene was poorly expressed. Supportive results were
also obtained using a tricistronic construct encoding a yellow fluorescent protein with
a mitochondrial targeting sequence (YFPmito), cyan fluorescent protein with a nuclear localization signal (CFPnuc) and DsRed. In cells transfected with YFPmito(2A)
CFPnuc(2A)DsRed, the proteins have been successfully expressed and no adverse effects on localization detected. This indicates 2A-peptide technology may be invaluable
for genetic modification of hESCs and their differentiated progeny in vitro, as well as
in clinical ex vivo gene therapy.
The prototypic example of adult stem cells, the haematopoietic stem cell (HSC), has
already proved useful in gene therapy (Aiuti et al., 2002). However, implementation has
been hampered by the inability to transduce sufficient cell numbers to exert a phenotypic
change. One approach to this has been to protect progenitor cells against the biological
effects of alkylating agents by retroviral transduction with an engineered form of MGMT
such as P140K that is resistant to inactivation (Jansen et al., 2002; Passagne et al., 2006).
An alternative means of achieving in vivo selection is to impart a proliferative advantage
upon transduced HSCs. The homeobox transcription factor HOXB4 has emerged as an
important and potent stimulator of HSC proliferation in vivo and ex vivo (Antonchuk
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et al., 2001, 2002). Previous studies have shown that HOXB4 expressed using the 2A
strategy retains its ability to support haematopoietic reconstitution by murine HSCs
(Klump et al., 2001). Using a murine bone marrow transplantation model, the retroviral
delivery of both HOXB4 and mutant MGMT (P140K) via the FMDV 2A resulted in
enhanced selection of gene-modified cells compared to cells expressing either HOXB4
or MGMT (P140K) alone (Milsom et al., 2004). In addition to efficient generation of
cleavage products, it is important that these are transported to the appropriate compartment of the cell. The correct subcellular localization of expressed MGMT and HOXB4
(tricistronic vectors: MGMT-2A-HOXB4-IRES-eGFP and HOXB4-2A-MGMT-IRESeGFP) to the nucleus in multiple cell types shows the addition of 2A sequences did not
adversely affect the trafficking of these two proteins (Chinnasamy et al., 2006).
The reprogramming of mouse and human fibroblasts into ESC-like or induced pluripotent stem (iPS) cells (Takahashi and Yamanaka, 2006; Takahashi et al., 2007) has been
hailed by many as the holy grail of stem cell research. The “backward step” offers a
possible source of tailor-made pluripotent cells and bypasses the ethical controversies
that hinder the applications of hESC (see Baertschi and Mauron, 2008). Induction of
pluripotent stem cells can be achieved with just four transcription factors, Oct3/4, Sox2,
Klf4 and C-Myc (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Wernig et al.,
2007; Park et al., 2007). However, the possibility of activating oncogenes and generating
mutations in the genome through random insertions of the retroviral vectors carrying
these genes, may handicap this method for human therapeutic applications. Taking this
into account, repeated transient transfections of two expression plasmids, one containing the cDNAs of Oct3/4, Sox2, and Klf4 connected with the FMDV 2A, and the other
containing the c-Myc cDNA, into mouse embryonic fibroblasts resulted in iPS cells
without integrations. The efficiency of iPS cell generation, however, was significantly
reduced and the reprogrammed cell type limited (Okita et al., 2008; see also Stadfeld
et al., 2008). A promising approach towards improving efficiency and minimizing the
insertion risk by using a single lentiviral vector with a polycistronic cassette has recently
been described. The polycistronic cassette comprised the four factors and a combination
of two 2A peptides and an IRES element (Sommer et al., 2008) or the four factors and
three different 2A peptides (Carey et al., 2009).
ORGANIZATION OF THE T-CELL RECEPTOR (TCR)/CD3 COMPLEX

The T-cell receptor (TCR)/CD3 complex is an elaborate structure designed to recognize antigens on antigen-presenting cells and trigger a number of intracellular signal
pathways. Signals, both stimulatory and inhibitory, control T-cell development and
the deployment of effector functions during an immune response (Germain and Stefanova, 1999). The variable TCRα and TCRβ chains are expressed on the cell surface
with the non-covalently associated CD3γ, CD3δ, CD3ε and ζ-chain transmembrane
polypeptides. These six subunits form four dimeric molecules: the ligand-binding
TCRαβ heterodimer and the CD3δε, CD3γε and ζζ signalling dimers (reviewed in
Call and Wucherpfennig, 2007). Defects in TCR/CD3 expression and function have
been reported in a heterogeneous group of diseases, where patients are characterized
by their increased susceptibility to infection. Reprogramming the antigen specificity
of T cells by TCR gene transfer offers considerable potential for translating basic
research into clinical practice (Xue et al., 2005; Engels and Uckert, 2007).
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Assembly of the functional TCR/CD3 complex in mice

TCR transgenic (Tg) mice are a valuable source of antigen-specific T cells for studying
T-cell development and responses but are expensive and time-consuming to generate. A novel procedure bypasses the need for transgenesis to achieve this goal, using
instead 2A-linked retroviruses to rapidly generate TCR retrogenic (Rg) mice (Arnold
et al., 2004; Szymczak et al., 2004; Holst et al., 2006a & b). Using the TCR:CD3
complex as a test system, Szymczak and colleagues reported expression of all four
proteins that make up CD3 and the two proteins required to make up TCR using just
two retroviral vectors (CD3δγεζ−2A and TCRαβ-2A) (reviewed by Radcliffe and
Mitrophanous, 2004). Because retroviruses are known to recombine vector sequences
that contain duplications, 2A sequences from FMDV, TaV, and ERAV were used each cleaving highly efficiently (Figure 5). Efficient cell surface expression of TCR/
CD3 complexes on bone-marrow derived stem cells was obtained after transduction
with the 2A-peptide-linked constructs. The 2A-peptide was also shown to function
in derivatives of the transduced stem cells (in the spleen, thymus and blood). Equally
impressive results were seen with in vivo experiments – all four chains of the CD3
complex were efficiently introduced into CD3-deficient mice, resulting in rescue of
T-cell development and immune function.

Figure 5. Organization of the TCR-CD3 complex and 2A-linked TCR:CD3 constructs used to restore T-cell
development and function in CD3-deficient mice (adapted from Call et al., 2002)

TCR expression using retroviral vectors

Adoptive (or passive) immunotherapy with single retroviral vectors encoding the TCR
α and β chains linked by an IRES or 2A-like peptide is an attractive strategy to redirect
the antigen specificity of T cells. Both the TCR genes and the vector design can be
optimized to improve functional expression at the cell surface of TCR-transferred T
cells. Scholten et al. (2006) were the first to show that codon modification of α− and
β- chain genes, to facilitate TCR mRNA translation, increased the protein expression
in TCR transgenic cells (reviewed by Heemskerk, 2006). Besides codon modification,
functionality is defined by the transgene cassette. In a comparative study between
2A and IRES-linked TCR genes, the 2A-peptide was superior for expression and
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function in human and murine recipient cells (Leisegang et al., 2008). Furthermore,
IRES-dependent second gene expression was lower than that of the first gene confirming several earlier reports of biased expression of transgenes (Flasshove et al.,
2000; Mizuguchi et al., 2000; Hasegawa et al., 2007). Finally, Hart and colleagues
combined several strategies to maximize expression of the introduced TCR; the human constant region was replaced with murine sequences (Cohen et al., 2006), the
two genes linked using a 2A sequence and the TCR-α-2A-β cassette codon optimized
for efficient translation in human cells (Hart et al., 2008).
TCR expression using lentiviral vectors

Lentiviruses are complex retroviruses whose distinguishing feature is their ability
to integrate into non-dividing cells without requiring the disassembly of the nuclear
membrane. This makes lentiviral expression vectors effective vehicles for gene delivery and expression (Federico, 2003; Heiser, 2004). Recent work by Yang and
co-workers examined the feasibility and efficiency of lentiviral TCR gene delivery
(Yang et al., 2008). The optimized lentiviral vector combined a furin cleavage site to
remove the residual “tag” and a V5 spacer sequence ahead of the 2A-peptide (TCRαfuV5F2A-TCRβ). How the synthetic V5 peptide correlates with enhanced activities is
unknown. In this and other studies, cleavage efficiency of 2A-linked constructs was
improved by placing a linker (GSG or SGSG) between the N-terminal protein and the
2A-peptide (Holst et al., 2006b; Provost et al., 2007; Yang et al., 2008; Holst et al.,
2008). As alluded to earlier, cleavage efficiency of 2A is affected by the preceding
peptide sequence and the upstream protein (Donnelly et al., 1997; Donnelly et al.,
2001b). Presumably, the linker sequence adopts an extended conformation to allow
for maximal flexibility and enhanced cleavage.
Functional analysis of TCR/CD3 ITAMs in vivo

Certain receptors expressed by haematopoietic cells have immunoreceptor tyrosinebased activation motifs (ITAMs) in their cytoplasmic domains that initiate cellular
activation and differentiation (Lanier, 2006). The TCR/CD3 complex contains a
total of 10 ITAMs, one in each of the four CD3 polypeptides and three in each of the
two strands of the ζζ homodimer (see Figure 5). It has been suggested that this high
ITAM number could contribute to the sensitivity of T cells by amplifying signals
generated as a result of encounters with low-density ligands. In a recent study, Rg
mice were generated expressing different CD3WT and CD3M combinations using 2A
to facilitate the functional analysis of all the CD3 ITAMs in vivo (Holst et al., 2008;
for brief review, see Malissen, 2008). The signature sequence of a CD3WT (wild-type)
ITAM is YxxL/I-x6-8 –YxxL/I (where x denotes any amino acid). CD3M represents a
Y-F mutant for both ITAM tyrosine residues in that chain. It was demonstrated that
a high ITAM number was required for T-cell development and that small differences
in ITAM sequence could influence TCR signaling and thymocyte development.
Moreover, reduced ITAM numbers, which presumably translate into reduced TCR
signal strength, resulted in a lethal autoimmune disease.
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TARGETED EXPRESSION IN TRANSGENIC ANIMALS

Transgenic animals provide a bona fide environment for the study of gene function.
The practical applications of transgenesis include animals as disease models, animals
for the production of therapeutic substances and animals as cell and organ donors.
Over the past few years the zebrafish (Danio rerio) has emerged as a model system
for the study of vertebrate development and disease. Importantly, the transparency
and ex utero development of the embryo make it possible to monitor transgene effects
in real-time and in vivo. To test the function of 2A in zebrafish, reporter constructs
eGFPCAAX-2A-mCherry and TMmCherry-2A-NLSeGFP have been designed to segregate fluorescent proteins to distinct cellular locations (Provost et al., 2007). The CAAX
motif, the transmembrane domain (TM) and nuclear localizing sequence (NLS) target
proteins to the endomembrane, the plasma membrane and nucleus respectively. In
addition, both constructs incorporated a GSG linker on the N-terminal of the PTV-1
2A sequence to improve separation (Holst et al., 2006b). Tol2-mediated gene transfer of eGFPCAAX-2A-mCherry into zebrafish embryos produced individual GFP and
mCherry proteins indicating efficient cleavage of the 2A-peptide. Furthermore, the
expression of TMmCherry-2A-NLSeGFP in live embryos resulted in localization of
TMmCherry and NLSeGFP to separate and distinct cellular compartments. Lastly,
replacing the existing promoter sequence (ΕF1α) with the insulin promoter (T2K-ins)
directed expression to the β cells of the developing zebrafish pancreas. Tissue-specific
expression of eGFP and mCherry marker proteins in stably transformed embryos shows
this approach could facilitate continuous expression of multiple protein products at
various stages of development in zebrafish.
Genetically altered mice offer innovative ways to study gene function as well as
model events during developmental processes or human diseases. In this context,
Trichas and colleagues report a simple method for generating transgenic mice using
a bicistronic reporter construct containing the 2A sequence (Trichas et al., 2008; see
also Cao et al., 2005). The reporter comprised a red marker (TdTomato) membrane
protein linked via the TaV 2A to a green marker (GFP) nuclear protein. Red and
green fluorescence was found exclusively in the appropriate subcellular compartments of transfected HeLa cells and infected chick cells, consistent with complete
2A-mediated processing. Predictable expression of reporter sequences such as CAT
or GUS in transgenic mice has always been difficult; constructs that work well in
cell culture often fail to express in mice (Pardy, 1994; Clark et al., 1997). For the
transgenic lines produced in this study targeted expression was apparent in all tissues
examined throughout development and into adulthood and remained constant across
several generations. This demonstrates the utility of this methodology for generating
transgenic mice for both ubiquitous and tissue-specific transgene expression.
So many innovations, so little space
The ability to generate reliable vectors for multigene delivery is at the vanguard of
biotechnology and genetic engineering. Conventional approaches for the production
of multicistronic vectors using IRESs or multiple promoters are problematic because
they cannot ensure that transgenes will be expressed at similar levels. Particularly appealing then, is the stoichiometric expression of 2A-peptide-linked genes and the small
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size of 2A peptides compared to internal promoters or IRES sequences makes them
ideal candidates for use in size-restricted viral and nonviral vectors. Additionally, the
diversity of the 2A sequence minimizes the chances for homologous recombination
which is an important consideration when using retroviral or lentiviral systems. One
outstanding question is the effect of the 2A “tag” attached to the C-terminus of the
upstream protein. This may interfere with function, or more importantly may present
a new epitope that could be subject to immunological surveillance. However, the attachment of extra amino acids is a routine method for labelling transgene products
while leaving their function intact (e.g. tags such as the His tag and Myc tag). To our
knowledge, the 2A tag does not impair activity and expression - proteins that require
authentic termini, or are N-/C- terminally modified, can be introduced as the first or
final polyprotein domain, respectively. In any event, strategies have now been devised
that allow removal of the 2A linker (see François et al., 2004; Fang et al., 2005). The
“unwanted” tag may however stick – antibodies directed against 2A can be used to
detect the gene cloned upstream (Ryan and Drew, 1994; de Felipe et al., 2003, 2006).
Lastly, the presence of a proline residue at the N-terminus of the downstream protein,
as a relict of the 2A self-cleaving process, does not normally interfere with function
– it does, however, confer high protein stability (Varshavsky, 1992).
Aware of the factors that influence expression levels it is important to empirically design any co-expression cassette to ensure the polyprotein is the most suitable
arrangement in respect to desired function. As a form of control of protein biogenesis,
2A sequences are much more wide-spread than was first suspected. To appease different
and opposing sensibilities, 2A variants that are not found in mammalian viruses can
be used just as effectively for the production of multiple protein products. Although
a relative new-kid-on-the-block in terms of co-expression studies, 2A can safely be
considered an “established” player. It is clear that assorted 2A-derived proteins with
diverse and distinct localized functions may be stably expressed in several different
cell types demonstrating the applicability of this technology in biomedicine and biotechnology. The biotechnological applications of 2A are continually updated on www.
st-andrews.ac.uk/ryanlab/Index.htm. We envisage that 2A technology will become
one of the predominant strategies for multigene delivery in the coming years.
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Abstract
The completion of the WHO Schistosoma Genome Project in 2008, although not fully
annotated, provides a golden opportunity to actively pursue fundamental research on
the parasites genome. This analysis will aid identification of targets for drugs, vaccines
and markers for diagnostic tools as well as for studying the biological basis of drug
resistance, infectivity and pathology. For the validation of drug and vaccine targets,
the genomic sequence data is only of use if functional analyses can be conducted (in
the parasite itself). Until recently, gene manipulation approaches had not been seriously addressed. This situation is now changing and rapid advances have been made
in gene silencing and transgenesis of schistosomes.
Introduction
Schistosomes are digenetic blood trematodes that cause schistosomiasis in humans
by depositing eggs in blood vessels surrounding the bladder or gut of the infected
host. In terms of public health, five species of schistosomes are considered most
important. They are divided into intestinal schistosomes (S. mansoni, S. intercalatum, S. japonicum, S. mekongi) and urinary schistosomes (S. haematobium) due to
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the different pathologies they induce, and can be distinguished by the specific snail
hosts required for transmission. Schistosomes are spread across Sub-Saharan Africa,
South-East Asia and Brazil. The typical transmission site is fresh water ponds (rivers)
where the intermediate and the primary hosts come in contact to ensure transmission
of the parasite and completion of the life cycle. Schistosomiasis is a major cause of
morbidity and mortality and it ranks with malaria and tuberculosis in that regard. It is
also amongst the most severe parasitic diseases, threatening millions of people with
chronic illness, disfigurement, or death that can result from the parasitic infection and
occurs mainly in rural areas of the developing world. The disease is endemic in 76
countries; about 250 million people are globally infected, and almost 800 million are
at risk of contracting the infection. The major cause of pathology in schistosomiasis
is the schistosome egg, associated with formation of granulomas around trapped eggs
in the intestinal wall or in the liver causing fibrosis and hepatosplenomegaly, or eggs
can become lodged in the wall of the bladder, resulting in inflammation and blood in
the urine. The chronic form of the disease has severe outcomes including ascites (accumulation of fluid in the peritoneal cavity, causing abdominal swelling), liver fibrosis,
hepatosplenomegaly, secondary cancers of the bladder and often death. Estimates of
the global burden of schistosomiasis range from 1.7 to 4.5 million DALY (disability
adjusted life years) (W.H.O., 2002; W.H.O, 2004), with even the higher figure underestimating the true burden as it does not consider chronic long-term disabilities (Hotez
et al., 2006). Revised burden estimates for schistosomiasis are in the scale of 3-70
million DALY (King and Dangerfield-Cha, 2008). The current therapeutic approach,
chemotherapy with praziquantel, is efficacious against adult worms. But its prolonged
use en mass and the fact that praziquantel is ineffective against immature and young
adult worms, has already raised concerns about future development of tolerance and
drug resistant schistosomes (Utzinger and Keiser, 2004). Vaccines are still not available on the market. It is therefore important to actively pursue fundamental research
on parasite genome analysis to identify new targets for drug, vaccine and diagnostics
development, and for studying the biological basis of drug resistance, antigenicity,
infectivity and pathology. Until very recently, tools for manipulating gene expression
in schistosomes have been unavailable, mainly due to the complex developmental life
cycle, large genome size and lack of immortalised cell lines.
Schistosomes live as parasites in the liver, gut, lungs or blood vessels of vertebrates
and their life cycle involves a mammalian host, where adult worms of the two sexes
mate and deposit eggs; a free-living aquatic stage (miracidium), derived from eggs
and released into the environment; a molluscan stage; and a second free-living aquatic
stage (cercaria). Unlike other trematodes, in the schistosomes the sexes are separate.
The male is considerably larger than the female and encloses her within his gynaecophoric canal for the entire adult lives of the worms, where they reproduce sexually. S.
mansoni has a very large and complex genome (haploid genome is 270Mb) organised
in 8 pairs of chromosomes (Short, 1983). There are 15-20,000 expressed genes. With
the recent completion of the S. mansoni sequence genome project (Berriman et al.,
2009) and emerging abundance of molecular information, the development of new
molecular tools such as RNAi, and the promise of new reliable reagents and techniques
for transfection, we have now reached the exciting stage of being able to address important issues in the biology of schistosomes in some detail. This review will focus on
the current transgenesis tools available to study the biology and functional genomics
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of schistosomes and speculate how these can enable us to discover novel genes and
biochemical pathways involved in growth, reproduction and survival of the parasite
as potential targets for drug and vaccine development.
RNA interference technology (gene silencing)
The discovery of sequence-specific gene silencing in response to double-stranded
RNAs (dsRNA) has had an enormous impact on molecular biology by uncovering
an unsuspected layer of gene expression regulation. The process, also known as RNA
interference (RNAi) or RNA silencing, involves complementary pairing of dsRNAs
with their homologous messenger RNA targets, thereby preventing the expression
and leading to subsequent degradation of these mRNAs or interfering with protein
translation.
The first evidence that dsRNA could lead to gene silencing came from work in
Caenorhabditis elegans published in 1995 by Guo and Kemphues attempting to
use antisense RNA to shut down expression of the par-1 gene in order to assess its
function and although the injection of the antisense RNA successfully disrupted
gene expression, injection of the sense-strand control was equally efficient (Guo and
Kemphues, 1995). The explanation for this phenomenon was published a few years
later when Fire and colleagues injected a mixture of both sense and antisense strand
RNA (dsRNA) into C. elegans, which completely silenced the homologous gene’s
expression (Fire et al., 1998).
Since then, RNAi technology has been used as a reverse genetics tool in C. elegans,
Drosophila and a wide variety of other organisms, including zebrafish, plants, human,
mouse and mammalian cell culture, to inhibit gene activity on a post-transcriptional
level generating loss-of-function mutants to study gene function or identify and validate novel therapeutic targets (reviewed in Siomi and Siomi, 2009).
Silencing was found to have high potency and specificity in C. elegans since only a
few molecules of dsRNA per cell could trigger gene silencing throughout the treated
animal (Grishok et al., 2001; Zamore, 2001). The silencing effect usually lasts only
for several days however, and although it does appear to be transferred to daughter
cells, it eventually diminishes. In some cases it has been shown to have longer-lasting
effects as the RNA interference was detected in the first generation progeny of treated
C. elegans (Tabara et al., 1998; Grishok and Mello, 2002).
The discovery of RNAi has brought to the scientific community not only a new
and exciting biological paradigm, but also an incredibly potent tool for addressing
questions of gene function in an easy and high-throughput fashion. Genome-wide
RNA interference screens have identified near-complete sets of genes involved in
cellular processes. Inducible hairpin RNAi constructs are being applied in studies of complex developmental processes in a tissue-specific manner in Drosophila
(Mummery-Widmer et al., 2009).
Recently a number of groups have developed expression vectors to continually express dsRNAs in transiently and stably transfected mammalian cells to overcome the
short-term effects of traditional RNAi. Some of these vectors have been engineered
to express small hairpin RNAs (shRNAs), which are processed in vivo into dsRNAs
(Yu et al., 2002). These vectors contain the shRNA sequence between a promoter and
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transcription termination site. The transcript folds into a stem-loop structure and the
ends of the shRNAs are processed in vivo by an enzyme known as Dicer (ribonuclease
III (RNaseIII), converting the shRNAs into ~21 nt dsRNA molecules, which in turn
initiate RNAi mediated through the RNA-induced silencing complex (RISC).
In schistosomes, the presence of transcripts encoding dicer and RISC-associated
proteins (piwi/argonaute orthologues) was relatively recently described by Verjovski-Almeida and colleagues in their report on the transcriptome of S. mansoni
(Verjovski-Almeida et al., 2003). This finding indicated that an intact RNAi pathway
had evolved in schistosomes. Since then it has been shown that RNAi can be applied
in schistosomes and appropriate transformation protocols have been adapted and
developed (Table 1).
RNAi in schistosomes
The first report for successful RNAi in schistosomes, in which cercariae of S. mansoni
were soaked in dsRNA for 6 days, was published in 2003 (Skelly et al., 2003). The
primary objective of this report was to demonstrate the utility of RNAi in schistosomes
using the major gut-associated proteinase, cathepsin B (SmCB1or Sm31) as target.
Cathepsins are proteolytic enzymes involved in the digestion of hosts haemoglobin
during feeding and a principal source of amino acid nutrients for the parasites. Exposure of larval schistosomes to dsRNA, specific to cathepsin B, was demonstrated
to inhibit expression of the enzyme. Subsequently, Boyle and colleagues successfully
silenced the glucose transporter (SGTP1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes in sporocysts of S. mansoni (Boyle et al., 2003). Exposure
of the parasite to SGTP1 dsRNA reduced larval glucose-uptake capacity by 40%,
demonstrating a functional phenotype of reduced glucose transport activity. These two
publications established that schistosomes were susceptible to RNAi and silencing was
strong, specific and long lasting (up to 28 days) in either miracidia or sporocysts.
Within a short time thereafter several laboratories employed RNAi targeting a variety of genes and using different delivery techniques in schistosomes to study gene
function. The proteins attracting the most interest were proteolytic enzymes (metallo-,
cysteine, and serine proteases) and genes belonging to signalling pathways implicated
in adult worm pairing and/or egg deposition. These two groups of proteins have key
functions in schistosomes and therefore are potential targets for novel anti-parasite
chemotherapy and immunotherapy. The proteases in schistosomes and other parasitic
organisms, have been long implicated in pathologies associated with helminth infections and shown to facilitate host invasion (McKerrow and Doenhoff, 1988; McKerrow et al., 1990), parasite feeding (McKerrow and Doenhoff, 1988) and immune
evasion (Tamashiro et al., 1987). Schistosomes feed on ingested host blood and the
haemoglobin released from erythrocytes is essential for parasite development, growth
and reproduction. Blocking proteolysis of host haemoglobin with broad-spectrum
protease inhibitors results in profound anti-schistosomal and anti-pathology effects
(Bogitsh et al., 1992; Wasilewski et al., 1996), demonstrating the essential role of
this pathway in schistosome metabolism. Studies using RNAi approaches alone or
in combination with protease specific inhibitors have now been used methodically to
study the network of endopeptidases important for the intestinal protein digestion in
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(Pereira et al., 2008)
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(Nabhan et al., 2007)

(Kuntz et al., 2007)

(Freitas et al., 2007)

reduction of gynaecophoral canal protein expression, (Cheng et al., 2005)
inhibition of early pairing and reduced parasite burden
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(Zhao et al., 2008)
phenotypic changes in the testicular lobes
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S. mansoni (Correnti et al., 2005; Delcroix et al., 2006; Morales et al., 2008). It has
been shown that initial degradation of host blood proteins is ordered, occasionally
redundant, and substrate-specific, while the RNAi mediated silencing effect was strong
(up to 80%), target specific and prolonged. The schistosomes treated with dsRNA to
SmCB1 were viable, with typical intestinal haematin pigmentation (the result of haemoglobin digestion) and exhibited a significant growth retardation phenotype (Figure
1), indicating the essential nature of this complex protease network which is highly
conserved throughout invertebrate evolution (Correnti et al., 2005). In experiments
targeting another endopeptidase, cathepsin D, by electroporation with dsRNA it was
shown that haematin was apparently not deposited in the gut of schistosomules as
it appeared red in colour, indicating the presence of intact rather than digested host
haemoglobin (Morales et al., 2008). These schistosomules did not survive to maturity
after transfer into mice confirming the essential function this enzyme has in parasite
nutrition and its potential as target for novel anti-schistosomal interventions.

Figure 1. In Schistosoma mansoni, RNAi induced by introduction of dsRNA at 3 h after mechanical
transformation of schistosomules from cercariae has effects that persist for at least 3 weeks in vivo. (A)
Examples of schistosomes recovered by portal vein perfusion 3 weeks following electroporation with either
luciferase-dsRNA (left) or SmCB1-dsRNA (right) and intramuscular injection into mice. (B) Population
quantitation of schistosome size 3 weeks following dsRNA treatment (*p < 0.005). Scale bar = 330 µm.
(Correnti et al., 2005). Reprinted from Mol Biochem Parasitol, 143, Correnti, J. M., Brindley, P. J. and
Pearce, E. J., Long-term suppression of cathepsin B levels by RNA interference retards schistosome growth,
209-215, (2005), with permission from Elsevier.

Another schistosome protease - the asparaginyl endopeptidase SmAE (also known
as Sm32, or legumain), has been proposed to proteolytically convert the inactive
precursor of SmCB1 into its mature catalytic form in vitro (Dalton and Brindley,
1996; Caffrey et al., 2004). Although a substantial and specific suppression (>90%)
of SmAE transcripts was achieved by RNAi and SmAE enzyme activity could not
be detected, it was shown that SmCB1 was fully processed and active. This finding
indicated that SmAE was not essential in SmCB1 activation in vivo (Krautz-Peterson
and Skelly, 2008).
The protocols for effective gene silencing by RNAi targeting cathepsin B in life
stages of S. mansoni have been summarised by Krautz-Peterson and co-workers
(Krautz-Peterson et al., 2007). In brief, the conclusions were that electroporation
was more effective in delivering dsRNA in schistosomula compared to soaking and
that both small interfering RNAs (siRNAs) (~21 bp) and long dsRNA (>405 bp)
demonstrated similar silencing efficiency. Furthermore, neither the persistence of the
dsRNA in culture medium, nor transformation of cercariae to schistosomula adversely
affected RNAi susceptibility and silencing. Interestingly, complete suppression of the
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cathepsin B gene was never achieved regardless of the dsRNA dose, possibly due to
difficulties to achieve gene silencing uniformly in a mixed population of cells in a
living worm.
Research efforts in a number of laboratories are aimed at understanding the role
of signal transduction pathways and their role in parasite interaction with its host
environment and amongst themselves. For example, the TGF-β signalling pathway is
essential for schistosome embryogenesis and has implications for the development of
novel therapeutic strategies and prevention of the disease (reviewed in Ting-An and
Hong-Xiang, 2009). Schistosomes express a TGF-β type II receptor (SmTβRII) and
are exceptional amongst the trematodes in the way that they have evolved separate
sexes and the sexual development of the female requires constant contact with the
male. This unique phenomenon is associated with pathogenesis since eggs are the
triggering factor, not the adult worms themselves (reviewed in Hoffmann, 2004).
Thus, blocking components of the parasite TGF-β signalling pathway by RNAi would
likely abolish worm pairing and egg production, rendering them potential targets for
novel intervention strategies development towards transmission and disease control
(Osman et al., 2006; Freitas et al., 2007).
RNAi was also applied in S. japonicum to investigate the role of the gynaecophoral
canal protein SjGCP during the pairing process (Cheng et al., 2005). The pairing of a
male worm with a female worm residing in the gynaecophoral canal of the male plays
a critical role in the development of the female parasite. Because the male-specific
SjGCP is found in significant quantities in the adult female worm after pairing, it
could play an important role in parasite pairing. Dose-dependent inhibition with up
to 75% suppression was observed on the SjGCP transcript level in schistosomules
7 days after treatment with siRNA. In further studies, the effect of siRNA duplexes
targeting the SjGCP gene was evaluated in vitro as well as in mice infected with S.
japonicum in vivo (Cheng et al., 2009). Two out of three siRNAs employed gave rise
to significant suppression of SjGCP transcript levels, reduction of protein amount,
and totally abolished the parasite pairing. Evaluation of the pairing inhibitory effect in
vivo, in mice infected with S. japonicum and treated with siRNA, revealed significant
inhibition of early parasite pairing and reduced parasite burden, a demonstration of the
important role of SjGCP in pairing and subsequent development of S. japonicum.
Vector-mediated gene silencing by siRNAs derived from shRNA expressed by
mammalian Pol III promoter H1 is also applicable in schistosomes (Zhao et al.,
2008). Schistosomula were electroporated with a Mago nashi shRNA expression
vector. The shRNA expressed from the mammalian Pol III promoter H1 specifically
reduced the levels of Mago nashi mRNA and proteins in S. japonicum accompanied
by pronounced phenotypic changes in the testicular lobes.
RNAi in schistosomes has provided means for functional analysis of genes such as
a CD36-like class B scavenger receptor (SRB) which is potentially involved in some
aspect of larval growth and development (Dinguirard and Yoshino, 2006) and an S.
mansoni alkaline phosphatase (SmAP) (Ndegwa et al., 2007). The use of RNAi technology further suggested that the proteasome may be downregulated during the early
stages of schistosomula development and is subsequently upregulated as the parasite
matures to the adult stage (Nabhan et al., 2007). Kumagai and colleagues uncovered the
function of Peroxiredoxin-1 (Prx-1) in S. japonicum as a scavenger against hydrogen
peroxide showing its potential as novel target for drug and vaccine development for
schistosomiasis (Kumagai et al., 2009). Both genetic and biochemical approaches
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were employed in the discovery and validation of potential drug target meeting all
the major criteria for anti-schistosomal chemotherapy development. Silencing of the
thioredoxin glutathione reductase (TGR) by RNAi led to rapid parasite death within
4 days of treatment, proving its essential role in the survival of S. mansoni. Use of
specific and efficient inhibitors of TGR reduced the worm burden by ~60%, suggesting
the importance of TGR for parasite survival and its potential as key target for therapy
with those compounds (Kuntz et al., 2007).
The first successful in vivo demonstration and evaluation of the therapeutic application of RNAi against schistosomiasis in a chronic infection model has been recently
published by Pereira and colleagues. Small interfering RNAs were produced against
the hypoxanthine guanine phosphoribosyl transferase (HGPRTase) gene in S. mansoni
and intravenously injected into infected mice. As a result the total number of parasites
was reduced by approximately 27%. RT-PCR analysis showed a significant reduction
in parasite target mRNA but not in the hosts homologue. The survival rate of treated
mice was not affected by the dose of siRNAs. Further optimization in molecule delivery
and siRNA dose could be expected to have a more pronounced effect on the parasite
and possibly lead to its complete elimination (Pereira et al., 2008).
Transgenesis of schistosomes
Since completion of the Schistosoma mansoni genome sequencing project in 2008,
the challenge we now face is how to determine the function of unknown genes and
pathways involved in host immune evasion, growth, reproduction and survival, all of
which potentially represent novel more effective targets for drug and vaccine development. The development of tools and methods for gene manipulation in schistosomes
has been slow due to their complex developmental life cycle, large size genome and
absence of immortalised cell lines. Several approaches for the introduction of transgenes (transgenesis) in the form of reporter gene RNA or plasmid based cDNA into
schistosomes have been adapted and significant advances have been made (Table 2).
A number of approaches are theoretically feasible to introduce reporter transgenes
into schistosomes. These include microinjection, electroporation, lipofection-type
approaches, biolistics (particle bombardment), or the use of infectious vectors such
as retrovirus or mobile genetic elements.
In pioneering studies transgenes in the form of mRNA or plasmids were introduced
into the parasites by particle bombardment (Davis et al., 1999; Wippersteg et al.,
2002a; Heyers et al., 2003). It is now a decade ago that in a landmark paper Davis
and colleagues described the delivery of luciferase by mRNA or encoded on a DNA
plasmid into adult schistosomes by particle bombardment (Davis et al., 1999). The
DNA plasmid contained the S. mansoni SL RNA gene fused upstream of the luciferase
ORF followed by an S. mansoni enolase UTR and polyadenylation signal. With both
mRNA and plasmid-encoded luciferase the authors detected reporter protein expression by luminometry. Luciferase was present and expressed 24 hours after particle
bombardment.
After this initial paper a number of reports were published in short succession, also
employing particle bombardment (Wippersteg et al., 2002a; Wippersteg et al., 2002b;
Heyers et al., 2003; Rossi et al., 2003; Wippersteg et al., 2003). Wippersteg et al.
constructed a plasmid expressing the Green Fluorescent Protein (GFP) reporter gene
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Table2. Overview of transfection studies in schistosomes
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under the control of the S. mansoni HSP70 promoter and terminator. This plasmid was
introduced into sporocysts and adults and expression of GFP could be shown after
heat shock induction by confocal microscopy 3 days after transfection. Fluorescence
was mainly visible on the surface of adult worms and inside sporocysts. The authors
also employed RT-PCR to detect GFP transcripts and Western Blotting to identify the
GFP protein (Wippersteg et al., 2002a).
Expanding on this report Wippersteg and co-workers in the same year published further
experiments where the SmHSP70 promoter and terminator elements in the plasmid
used for transfection were exchanged for cis-acting elements of the S. mansoni ER60
(SmER60) gene (Wippersteg et al., 2002b). SmER60 encodes a cysteine protease which
in earlier studies had been localised to the endoplasmic reticulum in excretory tissues
in adult parasites (Finken-Eigen and Kunz, 1997). After bombardment of sporocysts
the observed expression of GFP was tissue-specific, and the localisation of ER60 in
the excretory/secretory (ES) system of the larval parasites suggested that ER60 might
have a role in penetration and migration of miracidia in the intermediate snail host. In
an additional follow-up report the same authors verified this tissue specific expression
of the ER60 protease by employing Texas Red-labelled BSA, which accumulates in
the ES system, together with biolistic transformation. The ER60-GFP and the Texas
Red-BSA co-localised in the same compartments (Wippersteg et al., 2003).
The same approach to co-localise Texas Red-BSA to the ES system was used by Rossi
et al. to study S. mansoni calcineurin A and its expression in the ES system (Rossi et
al., 2003). A plasmid containing 5’- and 3’-elements of the calcineurin A gene, driving
the expression of GFP was constructed and biolistically transferred into sporocysts and
male adult worms. Similar to the results discussed above, fluorescent signals for GFP
and Texas Red co-localised in the ES system of the parasite.
In our laboratory we introduced plasmid DNA by particle bombardment into miracidia, sporocysts and adults of S. mansoni (Heyers et al., 2003). In these studies the
Enhanced Green Fluorescent Protein (EGFP) was used in a plasmid similar to that used
be Wippersteg described above. In our studies we particularly focused on the miracidial
life cycle stage, because this larval stage offers the unique opportunity to introduce
transgenes into the germline and additionally to reintroduce transgenic organisms into
the parasite life cycle. Bombarded miracidia were able to infect B. glabrata snails and
two weeks after infection gold particles could clearly be identified within the developing sporocysts in paraffin-sections of infected snail tissues. Interestingly, these gold
particles were located close to the nuclei of germ ball cells (Figure 2). Transfection
of these totipotent cells could, theoretically, lead to the transformation of the germ
line and the derivation of transgenic schistosomes. Reporter gene activity could also
be determined at 10 days post-infection by RT-PCR. These findings indicated that it
is possible to return transgenic miracidia to the parasite life cycle, a crucial step for
the establishment of a transgenesis system for schistosomes.
The most recent publication describing the transfection of schistosomes using biolistic methods reports the tissue-specific expression of GFP driven by the promoters
of two of S. mansoni protease genes, cathepsin L1 and cathepsin B2 (Wippersteg et
al., 2005). As predicted from earlier reports (Bogitsh et al., 2001), the S. mansoni
cathepsin L1 promoter drove GFP expression throughout the gut whereas transformation with the SmCB2 (Caffrey et al., 2002) construct resulted in GFP fluorescence
localised in the tegument.

Reprinted from Exp Parasitol, 105, Heyers, O., Walduck, A. K., Brindley, P. J., Bleiss, W., Lucius, R., Dorbic, T., Wittig, B. and Kalinna, B. H., Schistosoma mansoni miracidia
transformed by particle bombardment infect Biomphalaria glabrata snails and develop into transgenic sporocysts, 174-178, (2003), with permission from Elsevier.

Figure 2. Haematoxylin and eosin-stained paraffin section of Biomphalaria glabrata snail two weeks after infection with miracidia transformed by particle bombardment with
gold micro-carriers. Panel A: Overview section through the mouth, mid-body, head-foot and hepatopancreas/kidney region of the snail. The box outlines the kidney region that
is infected with sporocyst. This boxed region is shown at higher magnifications in panels B and C. The locations of other key anatomical features are indicated by text. Panel B:
Higher magnification of snail tissues shown in panel A; the regions in and around the box outline include developing mother sporocysts. The radula of the snail is prominent in
the upper left of the panel. The locations of other key anatomical features are indicated by text. Panel C: Higher power magnification of snail tissues from panel B, with a close-up
image of sporocysts. The arrows show the position of gold particles in close proximity to the germ ball cells in the sporocysts. Scale bars are included at the top of each panel.
(Heyers et al., 2003).
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More recently the efficacy of electroporation for the introduction of plasmid-based
DNA constructs was tested in S. japonicum and S. mansoni (Yuan et al., 2005; Correnti et al., 2007). Yuan et al. using the commercial plasmid pEGFP-C1 (Clontech)
were able to show that the CMV promoter could drive EGFP expression in primary
cells cultures of S. japonicum. Additionally, the plasmids were introduced into schistosomula and adult worms by electroporation and EGFP expression was demonstrated
using RT-PCR, Western Blotting and confocal microscopy, which revealed EGFP
fluorescence along the tegumental surface of the worms (Yuan et al., 2005). In their
report Correnti and colleagues describe the use of electroporation for the delivery
of plasmid DNA into larval S. mansoni schistosomes, combined with a preliminary
analysis of the S. mansoni Actin 1.1 (SmAct1.1) promoter sequence (Correnti et al.,
2007). Expression of luciferase driven by the SmAct 1.1 gene promoter was transient.
The authors suggest that the loss of expression over time was probably not due to loss
of plasmid, because transfected parasites that were no longer expressing the luciferase
remained PCR-positive for luciferase DNA for 8 weeks following electroporation.
This ﬁnding is similar to that reported by Yuan et al. (Yuan et al., 2005). These results
also indicated that the electroporation protocol described was either insufficient to
deliver the transgene to the germline or that the transgene was not integrated at high
frequency to be able to be detected in transgenic F1 parasites.
Although these reports clearly showed advances in the development of molecular
tools to characterise schistosome genes, it is unlikely that transfection with plasmid
based transgenes will result in integration into the genome. Integration into the genome
would represent a key milestone for the study of long-term transgene expression, investigation of schistosome gene function, development of transgenic schistosomes, and
insertional mutagenesis approaches. This might be achievable with gene therapy-type
approaches utilising retroviruses, lentiviruses, retrotransposons, or transposons which
enhance the likelihood of development of heritable, transgenic lines of schistosomes.
This is particularly likely if germ-line cells can be targeted for transduction. Additionally, transposons or retroviruses can carry gene cassettes for production of short
interfering RNAs and thereby combine a powerful knock-down technology with an
efficient delivery system offering the possibility for heritable RNAi targeting specific
host cell genes (Brown et al., 2003; Paddison et al., 2004).
Together with colleagues we have recently reported approaches using retroviruses
and transposons to transduce schistosomes (Kines et al., 2006; Morales et al., 2007).
In Kines et al. we produced replication incompetent Moloney Murine Leukaemia Virus
(MMLV) virions pseudotyped with Vesicular Stomatitis Virus Glycoprotein (VSVG)
and carrying a luciferase reporter gene. After exposure of schistosomes to virions
harvested from producer cells cultures, immunofluorescence studies indicated that the
VSVG envelope interacted with the schistosome surface and that the retroviral capsid
and RNA genome were released within the surface cells (Figure 3). We were also
able to show the presence of proviral forms of the retrovirus within the schistosome
genome by Southern hybridization analysis, while transcription from the transgenes
was indicated by the presence of transcripts encoding neomycin phosphotransferase
and luciferase. These results strongly suggested integration of the retroviral transgenes
into schistosome chromosomes (Kines et al., 2006).
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Figure 3. Visualization of MMLV virions associating with the surface of schistosomules of Schistosoma
mansoni. Schistosomula were exposed to supernatants of MMLV-VSVG (pLNHX-D70-EGFP) virions
for 30 min to 3 h, and then fixed and processed for dual immunofluorescence. Immunolabeling protocol
involved anti-VSVG antibody with Alexa 488 goat anti-rabbit antibody (green signal, green arrows) and
either anti-p12gag (A1–E1) or anti-p30gag (A2–E2) antisera with Alexa 594 donkey anti-goat antibody
(red signal, red arrows). F1, F2, control schistosomules not exposed to virions but labeled with the antibodies. Images for green and red fluorescence were acquired separately and then overlaid (colocalization
of red and green signals indicated by yellow signal, yellow arrows). Merged images of red, green, and
bright field (blue) are presented. Bars: A1 and A2, 100 µm; B1–F1, B2–F2, 50 µm (Kines et al., 2006).
Reprinted from Exp Parasitol, 112, Kines, K. J., Mann, V. H., Morales, M. E., Shelby, B. D., Kalinna, B.
H., Gobert, G. N., Chirgwin, S. R. and Brindley, P. J., Transduction of Schistosoma mansoni by vesicular
stomatitis virus glycoprotein-pseudotyped Moloney murine leukemia retrovirus, 209-220, (2006), with
permission from Elsevier.

We have also used the transposon piggyBac to accomplish transformation of S. mansoni
(Morales et al., 2007). A piggyBac donor plasmid containing the luciferase-coding
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sequence under the control of the SmAct1.1 promoter (Correnti et al., 2007) was constructed and transfected into schistosomes by electroporation of larval stages together
with mRNAs encoding the piggyBac transposase. The activity of piggyBac was determined by plasmid excision assays, and the recovery of excised plasmids from tissues
of transformed schistosomules in these assays indicated that piggyBac was active in
the worm. Southern blot hybridisation analysis of genomic DNAs from populations
of schistosomules transformed with donor constructs and helper transposase-mRNA
detected numerous variable length luciferase-positive signals. These findings further
indicated piggyBac transposon insertions into the schistosome chromosomes. The
integration sites were analysed by a PCR technique. Numerous piggyBac integrations
were detected and, after cloning, the fragments sequenced ranged in size from ~1.5
kb to 4 kb. Sequence analysis indicated that integration of piggyBac took place at
numerous loci in the schistosome genome at target TTAA sites.
Current studies in our laboratory are aimed at vector mediated RNAi of the schistosomal cathepsin B1 protease (SmCatB1), using this viral system described above
(Kines et al., 2006). We have designed viral vectors to express targeted dsRNA, thus
coupling a powerful delivery vehicle with a potent mechanism to specifically silence
a gene of interest. We have targeted SmCatB1 because RNAi knockdown of this
protein delivers a visible phenotype (Correnti et al., 2005). Preliminary studies have
shown that the newly developed viral vector for the production of virions carrying
a dsRNA hairpin loop specific for SmCatB1 resulted in 80% reduction in transcript
levels of this protease 72 h after exposure to the virus and an effective silencing of
the cathepsin B enzyme (Tchoubrieva et al., unpublished).
Concluding remarks and outlook
The genome of S. mansoni (Berriman et al., 2009; Zerlotini et al., 2009) marks the
first step toward a better understanding of this destructive, blood-feeding parasite of
humans. Genomic sequence data provide a rich resource for gene expression profiling using microchip gene array analysis, and for gene deletion studies and/or gene
silencing. Thus, the availability of the complete genome sequence of S. mansoni and
emerging technologies now provide a golden opportunity to explore the function of
schistosome genes and gene products. Driven by this rapidly growing information on
genome sequences the progress in schistosome RNAi and transgenesis over the last
few years has been remarkable and existing technologies have been rapidly adapted
for use with these parasites.
An exciting approach which shows promise for conducting effective functional
analyses in schistosomes is the development of promoter trap or polyA trap vectors.
Gene trapping is a high-throughput approach used to introduce insertional mutations
across the genome. Gene traps are able to simultaneously inactivate and report the
expression of the trapped gene at the insertion site, and provide a DNA tag for the
rapid identification of the disrupted gene (Zambrowicz et al., 1998; Stanford et al.,
2001). Gene trapping has been used in mouse, zebrafish and Drosophila genomics and
has proven to be a powerful method to identify functional genes (Wurst et al., 1995;
Hicks et al., 1997; Lukacsovich and Yamamoto, 2001; Jao et al., 2008). We are now
pursuing the gene trapping approach as the next step towards functional genomics of
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schistosomes to ultimately establish a correlation between the physical and genetic
maps of the schistosome genome.
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Abstract
Research into human metabolism is expanding rapidly due to the emergence of
metabolism as a key factor in common diseases. Mathematical modeling of human
cellular metabolism has traditionally been performed via kinetic approaches whose
applicability for large-scale systems is limited by lack of kinetic constants data. An
alternative computational approach bypassing this hurdle called constraint-based
modeling (CBM) serves to analyze the function of large-scale metabolic networks
by solely relying on simple physical-chemical constraints. However, while extensive
research has been performed on constraint-based modeling of microbial metabolism,
large-scale modeling of human metabolism is still in its infancy. Utilizing constraintbased modeling to model human cellular metabolism is significantly more complicated
than modeling microbial metabolism as in multi-cellular organisms the metabolic
behavior varies across cell-types and tissues. It is further complicated due to lack of
data on cell type- and tissue-specific metabolite uptake from the surrounding microenvironments and tissue-specific metabolic objective functions. To overcome these
problems, several studies suggested CBM methods that integrate metabolic networks
with gene expression data that is easily measurable under various conditions. This
* To whom correspondence may be addressed (tomersh@cs.technion.ac.il)
Abbreviations: CBM, Constraint-Based modeling; FBA, Flux Balance Analysis; LP, Linear Programming;
MILP, Mixed-Integer Linear Programming
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paper, reviews three CBM methods for analyzing and predicting metabolic states based
on gene expression data. These methods lay the foundation for studying normal and
abnormal human cellular metabolism in tissue-specific manner.
Introduction
Metabolism is known to play a significant role in human physiology. Research into
human metabolism and its regulation has expanded rapidly due to the emergence of
metabolic diseases such as diabetes, obesity and cardiovascular as major sources of
morbidity and mortality (Lanpher, 2006; Muoio, 2006). Cancers are known to involve
abnormal metabolic phenotypes, and metabolic targets have long been used in cancer
chemotherapy (Galmarini, 2008; Serkova, 2007). Recently, metabolism was shown
to be involved in various brain disorders, from schizophrenia to neurodegenerative
disorders (Holmes, 2006; Huang, 2007). Advances in systems biology research of
cellular metabolism can hence be expected to have a profound effect on our understanding of human disease.
Mathematical modeling of cellular metabolism has traditionally been performed
via kinetic modeling techniques that require detailed information on kinetic constants
and on enzyme and metabolite concentrations (Garfinkel, 1964). However, lack of
accurate cellular information of that kind limits the current applicability of such
methods to small-scale systems. Metabolic Control Analysis (MCA) is a different
approach that is commonly used to model the dependencies of metabolic fluxes and
metabolite concentrations on network parameters (Heinrich, 1974; Kacser, 1973).
The applicability of this approach is also limited by difficulties to systematically
measure required control coefficient parameters that underlie MCA. Additionally,
various mathematical formulations based on approximated kinetics, such as linear,
Lin-Log, and power-law have been proposed which render kinetic, metabolic differential equations systems easier to handle analytically and require less experimental
parameters (Heijnen, 2005). However, while such methods indeed enable the analysis
of larger networks, lack of parameters still prevent their application on genome-scale
metabolic networks.
An alternative approach bypassing these hurdles called constraint-based modeling
(CBM) serves to analyze the function of large-scale metabolic networks by solely
relying on simple physical-chemical constraints. Applications of CBM for large-scale
microbial networks have proven to be highly successful in studies involving: metabolic
engineering, biological discovery, assessment of phenotypic behavior (e.g. growth
rates, uptake rates, by-product secretion, and knockout lethality), biological network
analysis, and studies of metabolic evolution (see (Price, 2004) and (Feist, 2007) for
reviews). Specifically, CBM was shown to be a promising tool for identifying potential targets for metabolic engineering of various microbes, enabling the design of
genetic alterations that lead the production of target metabolites of interest. By now,
genome-scale constraints-based models have been reconstructed for over 30 microbes
(Duarte, 2004; Feist, 2008).
While extensive research has been performed on constraint-based modeling of microbial metabolism, large-scale modeling of human metabolism is still in its infancy.
Partial reconstructions of human metabolic networks had until recently been performed
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only for specific cell types and organelles (Chatziioannou, 2003; Vo, 2004; Wiback,
2002). A fundamental step forward has been presented in recent reconstructions of the
first global human metabolic network, in studies by Duarte et al. (Duarte, 2007) and
by Ma et al. (Ma, 2007). These network reconstructions enable a shift in the focus of
metabolic modeling from the realm of microbes to human (Mo, 2007; Mo, 2009).
Utilizing reconstructed networks to model human cellular metabolism is significantly
more complicated than modeling microbial metabolism as in multi-cellular organisms
the metabolic behavior varies across cell-types and tissues. In microbes, CBM methods
rely on available data regarding the metabolic composition of the growth media (the input
metabolites) and regarding the organism’s biomass composition (the output metabolites), predicting a steady-state flow of metabolic mass from input to output metabolites
(Figure 1). In human, however, various tissues and cell-types have different metabolic
micro-environments, for which comprehensive data on tissue-specific metabolite uptake
and secretion is currently unavailable. Another major difficulty relates to the fact that
different tissues have different metabolic objectives that are not well characterized and
are largely unknown. This stands in contrast to the modeling of microbial metabolism,
where a simple objective function (such as maximizing the biomass production rate) can
be used together with the flux balance analysis (FBA) method to predict biologically
plausible flux distributions. Another difficulty in modeling human metabolism is the lack
of data on regulatory mechanisms that shape cell-type and tissue-specific metabolism.
In microbes, such as E. coli and S. cerevisiae, on the other hand, extensive knowledge
on transcriptional regulation exists and its integration with CBM was shown to improve
metabolic flux predictions (Covert, 2004; Herrgard, 2006).

Figure 1: A schematic representation of the data sources available for predicting cell type- and tissuespecific human cellular metabolism. In contrast to microbes grown in laboratory conditions, where the
exact composition of the growth media (i.e. the network input) is known, the metabolic environment of
specific cell-types and tissues in a multi-cellular organism is largely unknown. Furthermore, while in microbes, a simple assumption regarding a cellular objective function (i.e. the network output), such as that
of biomass production maximization, can be used to prediction cellular metabolic states, tissue and cell
type-specific objective functions are difficult to characterize. However, while both the input and output
of the network are unknown for multi-cellular organisms, data on gene expression is readily available to
facilitate predictions of tissue and cell type-specific metabolism. This paper reviews several methods that
utilize gene expression data for that purpose.
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To account for missing regulatory data and constraints in the modeling of cellular
metabolism, several studies suggested CBM methods that integrate metabolic networks with gene expression data that is easily measurable under various conditions
(Akesson, 2004; Becker, 2008; Shlomi, 2008). Gene expression is known to play a
major role in controlling metabolism, with significant changes in gene expression
patterns observed between different growth conditions in microbes and between different tissues in human (Levine, 2006; Son, 2005; Yanai, 2005). Previous studies have
found a strong qualitative correspondence between gene expression and measured
(Daran-Lapujade, 2004; Fong, 2004) as well as predicted (Akesson, 2004; Bilu, 2006;
Famili, 2003; Schuster, 2002) metabolic fluxes in microbes (see (Ovacik, 2008) for
review). However, the correlation between expression and metabolic flux is far from
maximal and in some cases significant transcriptional changes do not reflect changes
in flux (Banta, 2007), and vice-versa, significant changes in measured flux may not
reflect transcriptional changes (Tummala, 2003; Yang, 2002). These discrepancies may
result from post-transcriptional regulation of protein synthesis and degradation rates,
and post-translational modifications that represent additional regulatory mechanisms
which affect the potential activity rate of metabolic enzymes (Park, 2005). Furthermore, discrepancies between gene expression and metabolic flux may result from the
presence of assembly factors and chaperones that play an important role in regulating
the level of various enzyme complexes (Ackerman, 1990; Dibrov, 1998). These kind
of regulatory mechanisms are commonly referred to as hierarchical regulation. An
additional level of flux regulation not reflected in gene expression, called metabolic
regulation, denotes the effect of metabolite concentrations on the actual enzyme
activity through allosteric and mass action effects (Rossell, 2006).
In this paper, we review three CBM methods for analyzing and predicting metabolic
states based on gene expression data (Akesson, 2004; Becker, 2008; Shlomi, 2008). The
first method, by Akesson et al (Akesson, 2004), searches for metabolic states in which
the flux through absent, non-expressed genes is constrained to zero. This approach was
originally applied for microbes, but theoretically can also be applied to study cell typeand tissue-specific human cellular metabolism under various conditions. The second
method, by Becker et al (Becker, 2008), identifies lowly expressed genes whose coded
enzymes are likely to be absent, and searches for metabolic states in which the flux
through these enzymes is minimized. This method was applied to study human skeletalmuscle metabolism under various physiological conditions. Finally, we describe our
method (Shlomi, 2008) that considers data on both lowly and highly expressed genes
in a certain context and employs network integration to accumulate this data into a
global, consistent prediction of metabolic behavior. This method is applied to predict
tissue-specific metabolic activity for 10 human tissues, showing that the predicted flux
distributions contain valuable biological insights that are not directly apparent in the
original expression data. In the next section we provide an overview on constraint-based
modeling. In following sections we describe the methods of Akesson and colleagues,
Becker and Palsson and Shlomi and colleagues in chronological order of publication.
Overview of constraint-based modeling (CBM)
Constraint-based modeling of metabolic networks is based on the fact that cells are
subject to certain constraints that limit their possible behaviors (Price, 2004). By im-
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posing such constraints on the space of possible steady-state metabolic behaviors, one
can determine which metabolic states are possible and which are not in a large-scale
model. The predicted metabolic state represents a feasible flux distribution through
all reactions in the network (i.e., a vector of steady-state flux rates), denoted here as
v ∈ Rm (where m denotes the number of reactions in the network). The constraints
imposed on this flux distribution are as follows:
Mass balance - At steady-state there is no accumulation or depletion of metabolites
within the metabolic network, hence the rate of each metabolite production should be
equal to its consumption rate. This balance of fluxes can be formulated mathematically based on a stoichiometric matrix, which represents both the topology of the
metabolic network and the stoichiometry of the biochemical reactions (proportions of
substances involved in the reactions). Each row in this matrix represents a metabolite
and each column a reaction. Hence, denoting the matrix by S ∈ Mn,m, Si,j represents
the stoichiometric coefficient of metabolite i in reaction j. Mass balance constraint
is enforced by the equation: S • v = 0. The set of flux distributions satisfying this
constraint spans a sub-space of Rm.
Reaction directionality (thermodynamic constraints) - The directionality of many
biochemical reactions is limited based on thermodynamic considerations. For these
reactions, the sign of the flux is constrained to be positive.
Enzymatic rates - For some enzymes the maximal flux rate can be determined
based on physiological data. These constraints are imposed by setting an upper bound
on the rate of specific reactions. Specifically, these constraints as well as the above
directionality constraints are enforced by the equation: vmin ≤ v ≤ vmax, where vmin and
vmax represent lower and upper bound vectors on flux rates, respectively.
Nutrient availability - To predict metabolic flux distributions under various metabolic
growth environments, additional constraints are required to reflect the availability of
different nutrients. This is achieved by constraining the flux through exchange reactions, which represent the production and consumption of extra-cellular metabolites
within the growth medium.
The set of constraints described above can be represented as linear equations and
hence form a convex solution space. Previous studies have incorporated several additional non-linear constraints to account, for example, for metabolite concentrations
(Henry, 2007) or to eliminate thermodynamically infeasible cycles (Beard, 2002).
However, although such constraints further reduce the size of the solution space, the
resulting space becomes non-convex and hence it is difficult to analyze it. The analysis
of a convex solution space obtained with the linear constraints described above is
commonly done via the following computational approaches:
Optimization methods - looking for an optimal flux distribution under different
optimization criteria. These methods limit the solution space by assuming that cellular metabolism optimizes a certain objective. The most commonly used objective
function for microorganisms, employed by the Flux Balance Analysis (FBA) method,
is that of biomass maximization (Fell, 1986; Kauffman, 2003). Other optimization
criteria may involve the maximization of ATP production rate or minimization of
nutrients uptake. The biomass production maximization is implemented by defining
an additional pseudo-reaction, vgrowth, representing the production of essential biomass
compounds. The stoichiometric coefficients of this reaction are based on experimentally derived proportions, ci, of the metabolite precursors Xi which contribute to
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biomass production: ∑ ci Xi → Biomass . The search for a feasible flux distribution,
v that maximizes vgrowth is done using Linear Programming (LP). Notably, in many
cases LP optimizations do not provide a single optimal solution but rather provide a
convex space of optimal solutions. This space can be further explored using topological methods as described below.
Topological methods - exploring the solution space and investigating flux dependencies. The solution space can be characterized by means of extreme pathways, which are
the edges of a convex space (Papin, 2003). Any point inside the solution space can be
represented as a non-negative linear combination of extreme pathways. Alternatively
it can be characterized as a collection of elementary modes, which are minimal sets
of enzymes that can operate at steady state (Schuster, 2000). Dependencies between
pairs of fluxes in the solution space can be identified via flux coupling analysis (Burgard, 2004), while dependencies between groups of fluxes can be identified by means
of correlated sets of reactions (Reed, 2004). Alternatively, the solution space can be
investigated by randomly sampling different feasible solution from within it (Almaas,
2004). Another method that is commonly used to characterize the solution space is
flux variability analysis (FVA) which determines the feasible range of each reaction
separately within the solution space (Mahadevan, 2003).
In addition to LP, other optimization methods such as Quadratic Programming
(QP) (Segre, 2002) and Mixed Integer Linear Programming (MILP) (Burgard, 2003;
Shlomi, 2005; Shlomi, 2007) were previously used for CBM analysis. Specifically,
MILP was used to predict gene knockout sets that lead to metabolite over-production
and to predict metabolic adaptation following gene knockouts. MILP enables efficient
solving of linear optimization problems that include integer variables, which makes
it very useful in formulating various metabolic optimization problems of interest as
demonstrated below.
CBM Analysis of Expression Data
Constraining the flux through absent enzymes to zero (Akesson et al
(Akesson, 2004)):

The study of Akesson and colleagues describes an extended FBA method which incorporates
additional constraints on metabolic fluxes based on gene expression data. Specifically, gene
expression data is used to identify absent enzymes whose coding genes are non-expressed
and their flux is hence constrained to zero. Enzymes whose activity depends on essential
factors (such as subunits, assembly factors, translational activator, etc) that are non-expressed
are also considered to be absent. As in FBA, the method requires a definition of a metabolic
growth medium, as well as a definition of a cellular objective function. The resulting linear
optimization problem is formulated as following:
max vgrowth
s.t.
S•v=0,

(1)
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vmin ≤ v ≤ vmax ,

(2)

vi = 0, i ∈ C,

(3)

where equation (1) enforces mass-balance (where vgrowth denotes a pseudo growth
reaction that represents the production of essential biomass precursors (as described
above)), equation (2) enforces reaction directionality and enzyme capacity constraints,
and equation (3) constrains the flux through absent enzymes to zero (where C denote
the set of absent reactions based on the expression data).
This method was applied to predict metabolic fluxes for the genome-scale metabolic
network model of the yeast S. cerevisiae (Forster, 2003), based on gene expression
data from chemostat and batch cultivations. The predicted metabolic fluxes were
shown to be more accurate than those obtained via FBA, by comparison to quantitative measurements of exchange fluxes (biomass yield, ethanol, glycerol, etc), as well
as qualitative estimations of changes in intracellular fluxes.
The main limitation of this approach is that expression-derived data on absent
enzymes is integrated with the model via hard constraints that force the flux through
the associated reactions to zero. With this method, even a single gene that is falsely
considered to be absent, although it is essential for the production of the organism’s
biomass, would result in false prediction of no feasible solutions in the model. For
example, applying this method to predict metabolic state under a minimal medium
that consists of a single carbon nutrient, if the sole membrane transporter of this
nutrient is falsely considered to be absent, the method will falsely predict that there
are no feasible metabolic states. Hence, an important issue with this approach is to
accurately determine the set of genes that are truly absent under a given context.
Towards this goal, Akesson and colleagues used oligonucleotide arrays that for each
gene have perfect match and mismatch probes that can be used to ascertain presence
of transcripts. A gene is considered absent when not detected in any of the replicates
used. However, as indicated by the authors, in some cases, “false absents” may occur,
in which a low abundant transcript is present although not detected on the array. The
paper actually describes a gene (PET122) that is falsely determined to be absent (as
of a technical problem with a specific probe in the microarray), leading to the prediction of no feasible metabolic states. In addition to genes that are falsely considered
to be absent, local errors in the model can also lead to false prediction of no feasible
metabolic states. For example, under aerobic batch cultivations, a certain gene (ARO9)
was correctly determined to be absent based on expression data, though when this
enzyme’s flux was constrained to zero, no feasible metabolic states were found as of
a missing isozyme (AAT2) in the model.
While in the paper of Akesson and colleagues this method was applied only to
study yeast metabolism, a similar approach can be used to model human metabolism
based on gene expression data. However, similarly to FBA, this method depends on
an explicit definition of an objective function that is difficult to define for different
cell-types and tissues in a multi-cellular organism. Notably though, as demonstrated
in the study of Becker et al (see, Becker, 2008) discussed below, a simplified objective
function, such as that of ATP production, can still be used in some cases to obtain
valuable predictions.
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Minimizing the usage of potentially absent genes – THE Becker & Palsson
METHOD

Becker and Palsson proposed a novel CBM method, Gene Inactivity Moderated by
Metabolism and Expression (GIMME), for integrating a metabolic network with gene
expression data. This method attempts to overcome the problem outlined above of
having to accurately determine the set of absent genes, considering the noisy nature
of expression data. Instead, genes with expression level below a pre-defined threshold,
denoted xcutoff, are considered as likely to be absent, and a feasible flux distribution
that minimizes the flux through these reactions is predicted. Similarly to the method
of Akesson and coworkers, GIMME also requires a definition of a cellular objective
function. The method works via a two-step procedure:
1. Applying FBA to find the maximal possible value of the cellular objective function (denoted by the reaction vobj), while allowing all reactions to be active (i.e.
regardless of the expression data).
2. Finding a feasible flux distribution that satisfies the given cellular objective function above some level (i.e. a percentage of the maximum found in (1), denoted
objective_threshold), while minimizing the activity of reactions that are likely to
be absent. This is done via the following linear programming formulation:
min

∑w v 
i

i

s.t.
S•v=0,
vmin ≤ v ≤ vmax ,
vobj ≥ objective_threshold,
The optimization function minimizes the flux through reactions that are likely to
be absent, by weighting the minimization pressure based on the expression level of
their corresponding genes: wi=max{xcutoff – xi, 0}. A simple transformation converts
the above problem into LP, by duplicating each reversible reaction to two irreversible
reactions (that carry only positive flux) and removing the absolute value operator. The
minimal weighted sum of flux found by the optimization problem was used to define
a consistency score between the expression data and the cellular objective function.
An optimally high consistency score (achieved when the weighted sum of fluxes is
zero) means that the expression levels are optimally tuned towards the achievement
of the objective function.
The functionality of GIMME was demonstrated for both microbes and human. In
microbes, the method was applied to predict metabolic flux distributions for E. coli
strains that undergo adaptive evolution to improve their growth rate. Specifically,
GIMME was used to compute a consistency score between the cellular objective of
maximizing growth rate and expression data measured before and after the adaptive
evolution process. The analysis correctly predicted a higher consistency score for the
expression data measured after the adaptive evolution which maximizes E. coli’s growth
rate. A similar result was shown regarding a high consistency score between expression
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and the objective function of maximizing lactate production, in an engineered E. coli
strain that was evolved to maximize the production rate of lactate. In the context of
human metabolism, GIMME was applied on a human network model (Duarte, 2007)
based on various datasets of gene expression data for skeletal muscle cells (covering
patients before and after gastric bypass, or glucose/insulin infusion, and various groups
of patients with obesity). The cellular objective function used in this case was to produce
ATP at no less than half the optimal rate possible in the model (without the usage of
the expression data). This analysis showed two interesting results: (i) The metabolic
states of a patient before and after gastric bypass or glucose/insulin infusion are more
similar to each other than to metabolic states of other patients. (ii) The consistency
score between gene expression and the cellular objective of maximizing ATP production
increases in expression samples measured after a patient is given a substantial dose of
glucose or insulin in the bloodstream, as can be expected.
The lack of expression data for a substantial number of human metabolic reactions
led Becker and Palsson to examine the robustness of their method to missing data. They
found that GIMME is not robust even when reducing the number of reactions with expression data by 5%, leading to significantly different results. This lack of robustness
may be attributed to the following factors, among others: (i) Computing the similarity
in metabolic flux distributions derived for different expression samples, only a single
optimal flux distribution was considered, although a space of possible optimal solutions
commonly exist (Mahadevan, 2003). The method discussed below addresses this issue
by comprehensively exploring the space of optimal possible flux distributions when
integrating the network with expression data. (ii) For genes that are considered as likely
to be absent, the minimization of the weighted sum of flux rates implicitly assumes some
quantitative correlation between expression level and flux rates. However, this stands in
marked contrast to experimental evidence that show only a qualitative correspondence
between expression and flux rates. Another problematic aspect of GIMME is that, similarly to the method of Akesson and colleagues, it requires a specification of a cellular
objective function. Specifically, the objective function of maximizing ATP production
ignores other, potentially important, metabolic aspects of muscle metabolism.
Integrated analysis of both highly and low expressed - Shlomi and coworkers

The methods of Akesson and colleagues and Becker and Palsson use gene expression data only to identify genes that are absent or likely to absent and hence their
coded enzymes are expected not to carry metabolic flux. However, both methods do
not account for a complementary observation that enzyme-coding genes with high
expression levels are likely to carry metabolic flux, due to the strong qualitative correspondence between gene expression and measured fluxes. Recently, we suggested
a new method that considers data on both lowly and highly expressed genes as cues
for the likelihood that their associated reactions carry metabolic flux and employ
network integration to accumulate these cues into a global, consistent prediction of
metabolic behavior. Utilizing expression data of highly expressed genes as cues for
enzyme activity eliminates the requirement for a metabolic objective function (as
shown below), which is difficult to define for multi-cellular organisms.
The method of Shlomi and coworkers employs a discrete representation of significantly high or low gene expression levels in a certain context, following previous such
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representation of expression data in metabolic modeling for other aims (Covert, 2004;
Shlomi, 2007). The discretization of the data can be done by defining two thresholds,
such that genes whose expression level is below (above) the lower (upper) thresholds
are considered to be lowly (highly) expressed (as performed in the methods described
above to detect absent genes). In the study of Shlomi et al on human tissue-specific
metabolism, tissue-specific gene expression data was extracted from a database that
already performed the discretization via a different approach (Shmueli, 2003; Yanai,
2005). Given the discrete gene expression data under a certain context, a subset of the
reactions in the model (denoted RH) is defined as highly-expressed, and another subset
(denoted RL) is defined as lowly-expressed. Then, a CBM optimization problem is
formulated to find a feasible flux distribution that maximizes the number of enzymes
whose flux activity is consistent with their measured expression level – i.e. obtain a
flux distribution that maximizes (minimizes) the number of reactions that are associated with highly (lowly) expressed enzymes. The resulting optimization problem is
formulated via the following Mixed Integer Linear Programming (MILP) problem:

max
v,y+,y–

∑

i ∈RH

(yi+ + yi–) +

∑

i ∈RL

yi+)

s.t
S•v=0

(1)

vmin ≤ v ≤ vmax

(2)

vi + yi+ (vmin,i – e) ≥ vmin,i, , i∈RH

(3)

vi + yi– (vmax,i + e) ≤ vmax,i, , i∈RH

(4)

vmin,i (1–yi+) ≤ vi ≤ vmax,i (1–yi+) , i∈RL

(5)

v ∈ Rm
yi+, yi– ∈ [0,1]

For each highly expressed reaction, the Boolean variables y+ and y- represent whether
it is active (i.e. carry metabolic flux) in the forward and backward directions, respectively. A highly-expressed reaction is considered to be active if it carries a significant
positive flux that is greater than a positive threshold ε (equation (3)) or a significant
negative flux lower than -ε (equation (4) for reversible reactions). For each lowlyexpressed reaction, the Boolean variable y+ represents whether the reaction is inactive
(equation 5). The optimization function maximizes the number of reactions that are
highly-expressed (RH) and active, and the number of lowly-expressed reactions (RL)
that are inactive.
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In many cases, the resulting flux distribution obtained from the above MILP is not
unique, as multiple optimal flux distributions that obtain the same similarity with the
expression data exist, due to isozymes and alternative pathways in the network (Bilu,
2006; Mahadevan, 2003; Shlomi, 2007). To account for these alternative solutions, a
variant of Flux Variability Analysis (Mahadevan, 2003) was employed to explore the
space of optimal flux distributions. This analysis was used to assign genes with flux
activity states, reflecting the presence/absence of non-zero flux through their enzymatic
reactions. Specifically, a gene is predicted to be active (inactive) if its associated reactions
carry (do not carry) metabolite flux in all optimal, feasible flux distributions. Because
expression levels are not enforced as exclusive determiners of metabolic flux, the flux
activity states of genes may deviate from their expression states. Genes are considered
to be post-transcriptionally up- or down-regulated based on a difference between their
measured expression level and their predicted flux activity state in a given tissue.
An illustrative example for the application of this method is shown in Figure 2. In
this example, three reactions are considered to be highly expressed and two reactions
are considered lowly expressed based on the expression of their associated genes. The
above MILP problem predicts a single optimal flux distribution that is consistent with
the expression state of 4 out of the 5 significantly highly or lowly expressed reactions.
Based on this flux distribution, two enzymes are predicted to be post-transcriptionally
regulated: (i) The enzyme E7 is predicted to have no metabolic flux although it is highly
expressed, and is hence considered to be down-regulated. (ii) The enzyme E4 is predicted
to have metabolic flux although it is not significantly highly expressed in this context,
and is hence considered to be up-regulated.

Figure 2: An illustrative example of prediction of flux activity states of genes based on a metabolic network
model and gene expression measurements. Circular nodes represent metabolites, whereas diamond nodes
represent enzymes. Red, green, and white colors represent significantly low, significantly high, and normal
expression of the enzyme-coding genes, respectively. Solid edges represent metabolic reactions. Dashed
edges associates enzymes with the reactions they catalyze. The predicted steady-state flux distribution
involves the activation of reactions is colored in purple. Enzymes E4 and E7 are predicted to be posttranscriptionally regulated (up and down respectively). The figure was taken from (Shlomi, 2008).

As a basic validation of this method, it was applied to predict metabolic flux distributions for the yeast S. cerevisiae based on gene expression data measured under
various growth media. The predicted flux distributions were shown to significantly
correlate with measured metabolic fluxes in the central carbon metabolism of S.
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cerevisiae. As a further larger-scale validation, the predicted flux distributions were
found to significantly correlate with FBA predictions (computed based on explicit
yeast biomass maximization). Specifically, the predicted flux activity patterns were
also shown to correctly capture the directionality of metabolite exchange with the
growth media, and the production of essential biomass precursors, in agreement with
FBA predictions.
Next, the method was employed to compute tissue-specific metabolic behavior based
on the metabolic network model of Duarte et al.(Duarte, 2007) and expression data
from 10 tissues: brain, heart, kidney, liver, lung, pancreas, prostate, spleen, skeletal
muscle and thymus. Many of the genes that are predicted to be active (inactive) in a
certain tissue are not highly (lowly) expressed there, showing the considerable amount
of additional information obtained by integrating gene expression data with the metabolic network to infer metabolic gene activity. Specifically, this approach predicts an
average ~20% genes that are post-transcriptionally regulated, with expression data not
reflecting their metabolic activity state. To systematically validate these predictions
it was shown that the predicted tissue-specificity of genes, reactions, and metabolites
significantly correlates with their known tissue-specificity pattern extracted from various databases. Interestingly, focusing on tissue specificity findings of genes, reactions
and metabolites that are inferred by post-transcriptional up (down) regulation (i.e.,
tissue-specificity findings that cannot be inferred by using the original expression
data without the metabolic network) provides a significant high (low) number of
matches with the known tissue-specific associations in all cases. Specifically, one of
the tissue-specificity datasets used as validation was based on tissue-associations of
genes that cause in-born errors of metabolism, obtained by mining the OMIM database. The results showed that this method correctly predicts the tissue-specificity of
a large fraction of these genes, providing a significant added-value over the original
expression data.
Discussion
This paper reviewed three methods for predicting cellular metabolism based on integrating a metabolic network with gene expression data. As described above, these
methods clearly show the added value of utilizing expression data to predict biologically plausibly metabolic states in both microbes and human. The methods of Akesson et al and Becker and Palsson use gene expression data to identify genes that are
absent or likely to be absent in certain contexts and search for metabolic states which
prevent (or minimize) the flux through the associated metabolic reactions. The method
of Shlomi et al considers data on both lowly and highly expressed genes in a given
context as cues for the likelihood that their associated reactions carry metabolic flux
and employs CBM to accumulate these cues into a global, consistent prediction of the
metabolic state. This eliminates the requirement for a definition of metabolic objective
function. The lack of dependency on an objective function is a marked advantage as
the latter is difficult to define for multi-cellular organisms. Notably though, as shown
by Becker and Palsson, a simple definition of an objective function, such as that of
producing ATP in a high rate, may in some cases suffice to provide interesting insight
into human cellular metabolism. More detailed definitions of tissue and cell type-
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specific objective functions are expected to improve the prediction accuracy of the
presented methods. Such objective functions may be derived based on computational
learning that would give optimal correspondence between predicted and measured
metabolic phenotypes (Burgard, 2003).
The CBM methods presented here open the way for future computational investigations of metabolic disorders given the relevant expression data. A first attempt to
visualize and interpret changes in gene expression data measured following gastric
bypass surgery via a genome-scale metabolic network was done by Duarte et al
(Duarte, 2007). Another potential application would be the prediction of diagnostic
biomarkers for metabolic diseases that could be identified via biofluid metabolomics
(Kell, 2007). Towards this goal, we have recently developed a CBM method for
predicting metabolic biomarkers for in-born errors of metabolism by searching for
changes in metabolite uptake and secretion rate due to genetic alterations (Shlomi,
2009). Incorporating cell type- and tissue-specific gene expression data within this
framework can potentially improve the identification of diagnostic biomarkers. Overall, the methods presented here lay the foundation for studying normal and abnormal
human cellular metabolism in tissue-specific manner based on commonly measured
gene expression data.
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Abstract
Embryonic stem (ES) cells, which are derived from the inner cell mass of mammalian
blastocyst stage embryos, have the ability to differentiate into any cell type in the body
and to grow indefinitely while maintaining pluripotency. During development, cells
undergo progressive and irreversible differentiation into specialized adult cell types.
Remarkably, in spite of this restriction in potential, adult somatic cells can be reprogrammed and returned to the naive state of pluripotency found in the early embryo
simply by forcing expression of a defined set of transcription factors. These induced
pluripotent stem (iPS) cells are molecularly and functionally equivalent to ES cells
and provide powerful in vitro models for development, disease, and drug screening,
as well as material for cell replacement therapy. Since functional impairment results
from cell loss in most central nervous system (CNS) diseases, recovery of lost cells
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blood-retinal barrier; FGF, fibroblast growth factors; CNTF, ciliary neurotrophic factor; VEGF, vascular
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LGN, lateral geniculate nucleus; rAAV, recombinant adeno-associated viral vectors; ERG, electroretinogram; CNV, choroidal neovascularization; SDIA, stromal cell-derived inducing activity; SFEB, serum-free
floating culture of embryoid body-like aggregates.
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is an important treatment strategy. Although adult neurogenesis occurs in restricted
regions, the CNS has poor potential for regeneration to compensate for cell loss. Thus,
cell transplantation into damaged or diseased CNS tissues is a promising approach to
treating various neurodegenerative disorders. Transplantation of photoreceptors or
retinal pigment epithelium cells derived from human ES cells can restore some visual
function. Patient-specific iPS cells may lead to customized cell therapy. However,
regeneration of retinal function will require a detailed understanding of eye development, visual system circuitry, and retinal degeneration pathology. Here, we review
the current progress in retinal regeneration, focusing on the therapeutic potential of
pluripotent stem cells.
Introduction
For many decades, it was believed that neurons in the adult mammalian central nervous system (CNS) could not regenerate after injury, as postulated by Ramón y Cajal
in 1913. However, recent evidence has overturned this long-held dogma. Neurogenesis takes place in the adult mammalian CNS, with neural stem cells residing in
the subventricular zone (SVZ) of the lateral ventricle and subgranular zone (SGZ) of
the hippocampal dentate gyrus (Lledo et al., 2006; Zhao et al., 2008). Nonetheless,
the CNS has poor potential for regeneration to compensate for cell loss in diseased
or injured tissues.
Visual impairment is usually caused by specific loss of different cell populations
within the retina (Figure 1). For instance, glaucoma is a retinal degenerative disease
in which the retinal ganglion cells forming the optic nerve are selectively lost. In
retinitis pigmentosa (RP), photoreceptors are lost due to genetic mutations (Hartong
et al., 2006). In age-related macular degeneration (AMD), degeneration of the retinal
pigment epithelium (RPE) is followed by loss of photoreceptors (Rattner and Nathans,
2006). Since first order neurons are selectively affected in retinitis pigmentosa and
AMD, the neural circuitry mediating higher order visual processing is maintained
in the early phase of degeneration (Humayun et al., 2003). Thus, transplantation of
photoreceptors or RPE cells permits effective recovery of visual function (Haruta et
al., 2004; Lund et al., 2006; MacLaren et al., 2006; Lamba et al., 2009), a process that
may be facilitated by the proximity of synaptic target cells to the first order neurons.
In contrast, in the case of glaucoma, optic nerve regeneration requires replacement
of retinal ganglion cells and reconstruction of distant synaptic connections to the
brain.
The strategies for regeneration can be classified into two approaches: (i) activation
of endogenous neural stem cells and (ii) transplantation of lost cell types. In the adult
retina, Müller glia serve as endogenous retinal progenitors in response to injury (Ooto
et al., 2004; Osakada et al., 2007; Karl et al., 2008). Thus, drug therapies that target
Müller glia are a promising approach for retinal regeneration (Osakada and Takahashi,
2009). However, retinal transplantation has been investigated extensively over the
last decade, particularly the possible use of stem cells, which are attractive due to
their self-proliferation and differentiation potential (Haruta et al 2004; Klassen et al
2004; Takahashi et al 1998). In this review, we focus on transplantation therapy in
the retina, with an emphasis on pluripotent stem cells.
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Figure 1. Cell types and layers in the adult retina.

Visual system
RETINAL DEVELOPMENT

The eye is derived from three types of tissue during embryogenesis: the neural ectoderm gives rise to the retina and the overlying retinal pigment epithelium (RPE), the
mesoderm produces the cornea and sclera, and the surface ectoderm generates the
lens. The eye develops as a result of interactions between the surface ectoderm and
the optic vesicle, an evagination of the diencephalon (forebrain) (Figure 2A). The
optic vesicle is connected to the developing CNS by a stalk that later becomes the
optic nerve. Upon contacting the surface ectoderm, the optic vesicle epithelium forms
a lens placode (Figure 2B), which subsequently invaginates, pinches off, and eventually becomes the lens. During these events, the optic vesicle folds inward to form a
bilayered optic cup (Figure 2C, D). The outer layer of the optic cup differentiates into
the RPE, whereas the inner layer differentiates into the neural retina (Figure 2E). The
iris and ciliary body develop from the peripheral edges of the retina, and the sclera is
derived from mesenchymal cells of neural crest origin that migrate to form the cornea
and trabecular meshwork of the anterior eye chamber (Figure 2F, G).
During development, retinal progenitors change their differentiation competence
under the control of intrinsic regulators (Table 1) as well as extrinsic regulators (Table
2). Within the retina, seven types of cells differentiate from common progenitors in
the following temporal sequence: retinal ganglion cells, cone photoreceptors, amacrine
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cells, and horizontal cells, followed by rod photoreceptors, bipolar cells, and Müller
glia (Figure 3). These cells comprise three cell layers: rod and cone photoreceptors
in the outer nuclear layer (ONL), horizontal, bipolar, and amacrine cells as well as
Müller glia in the inner nuclear layer (INL), and ganglion and displaced amacrine cells
in the ganglion cell layer (GCL). All retinal cells are born at the outer surface of the
retina, adjacent to the pigmented epithelium. Postmitotic cells migrate a distance to
occupy their final positions within the retina, and then establish synaptic connections
to other neurons.

Figure 2. Development of the eye.
(A-F) Mouse embryos at E9.5 (A), E10.0 (B), E10.5 (C), E11.5 (D), E13.5 (E) and E18.5 (F). (G) Adult
eyes. (Figures from Experimental Medicine (Osakada and Takahashi, 2006)).

Table 1. Intrinsic factors regulating retinal cell differentiation.
Cell type

Homeobox genes

bHLH genes

Photoreceptor cells

Crx / Otx2

NeuroD / Mash1

Horizontal cells

Pax6 / Six3 / Prox1

Math3

Biopolar cells

Chx10

Mash1 / Math3

Amacrine cells

Pax6 / Six3

NeuroD / Math3

Ganglion cells

Pax6

Math5

Müller glia

Rx

Hes1 / HEs5
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Table 2. Extrinsic factors regulating retinal cell differentiation.
Cell type

Soluble factor

Photoreceptor cells

(+) Retinoic acid
(+) Taurine
(+) Thyroid hormone
(+) Shh
(+) FGF
(+) CNTF

Horizontal cells
Biopoloar cells

(+) CNTF

Amacrine cells
Ganglion cells

(-) Shh

Müller glia

(-) Retinoic acid
(-) FGF

Figure 3. Genesis of seven types of retinal cells during development.
Retinal ganglion cells and horizontal cells differentiate first, followed by cone photoreceptors, amacrine
cells, rod photoreceptors, bipolar cells, and finally Müller glia, with overlap in the appearance of these
different cell types. The sequence of cell genesis in the vertebrate retina is highly conserved among many
species.

In the mouse retina, synapses between retinal ganglion cells and amacrine cells appear
in the inner plexiform layer (IPL) during the first postnatal week. Then, rods and cones
establish synapses with horizontal cells in the outer plexiform layer (OPL). Finally,
during the second postnatal week, bipolar cell dendrites contact photoreceptors and
horizontal cells in the OPL, and their axons contact amacrine cells and retinal ganglion
cells in the IPL. Retinal ganglion cells first form conventional synapses with amacrine
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cells between P3 and P20, then develop ribbon synapses with bipolar cells starting at
P11, around the time of eye opening, reaching a maximum density around P20. In
conjunction with this temporal sequence of synapse formation, waves of electrical
and calcium activity propagate across the retina. Retinal ganglion cells exhibit spontaneous bursts of action potentials during the propagation of retinal waves. Retinal
waves between P1 and P10 are driven by cholinergic transmission, while subsequent
waves are glutamate-dependent, correlating with synapse formation between retinal
ganglion cells and bipolar cells. These retinal waves are implicated in the refinement
of ganglion cell projection patterns.
ANATOMY AND PHYSIOLOGY OF THE ADULT RETINA

The outermost retinal layer is the RPE, a monolayer of cells whose apical surface
faces the photoreceptor outer segments and whose basal surface rests on the extracellular matrix structure known as Bruch’s membrane (Figure 1). Beyond Bruch’s
membrane, the fenestrated capillaries of choroidal vessels (choriocapillaris) supply
nutrients and oxygen to the outer retina (Marmor, 1998). RPE cells have tight junctions that form the outer blood-retinal barrier (BRB) and pump water and ions from
the apical to basal side of the cells, while nutrients are transported via the choroidal
circulation to photoreceptors. The RPE also participates in metabolic functions, such
as phagocytosis of photoreceptor outer segments, and in the retinoid cycle, in which it
isomerizes all-trans retinol to 11-cis retinal. Another function of the RPE is secretion
of various trophic factors, including fibroblast growth factors (FGFs) (Schweigerer
et al., 1987; Malecaze et al., 1991; Bost et al., 1992), ciliary neurotrophic factor
(CNTF) (Wen et al., 1995), vascular endothelial growth factor (VEGF) (Adamis et
al., 1993), insulin-like growth factor (IGF) (Waldbillig et al., 1991; Waldbillig et al.,
1992), pigment epithelium derived factor (PEDF), transforming growth factor (TGF)
β family members (Tanihara et al., 1993), and tissue inhibitors of metalloproteinases
(Alexander et al., 1990; Della et al., 1996).
The first steps in vision begin in the retina, where a dense array of photoreceptors
converts the incoming pattern of light into electrochemical signals. In the mammalian retina, 95% of photoreceptors are rods, and the remaining 5% are cones. Rod
photoreceptors are more sensitive, and thus function under dark-adapted conditions,
and their responses are saturated at high light levels. Cone photoreceptors, on the
other hand, are less sensitive and function under light-adapted conditions. Rod and
cone photoreceptor signaling differs from that of almost every other neuron in the
CNS. In the absence of light, photoreceptors continuously release the excitatory neurotransmitter glutamate. A light stimulus activates the phototransduction cascade in
the outer segment of the photoreceptor, causing a decrease in the level of intracellular
cGMP and closure of cGMP-gated cation channels. This leads to hyperpolarization
of the photoreceptor, resulting in decreased glutamate release from the photoreceptor
terminal in the OPL. Both rod and cone photoreceptors employ this general cascade,
although the molecules that function in the G protein cascades differ. Importantly,
photoreceptors do not produce action potentials, but instead have graded potentials
that are modulated around a mean level. In most neurons in the CNS, the release of
glutamate is dependent on voltage-dependent calcium channels. However, the release
of glutamate from photoreceptors is graded, resulting in graded potentials in bipolar
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Photoreceptors contact the dendrites of both bipolar cells and horizontal cells
(Masland, 2001). The synaptic terminals of rods (rod spherules) and cones (cone pedicules) contain synaptic ribbons that are associated with high rates of neurotransmitter
release. Bipolar cells are excitatory interneurons that use glutamate as a neurotransmitter and are specialized for sustained transmitter release. Hyperpolarizing bipolar
cells hyperpolarize in response to reduced glutamate release from photoreceptors,
while depolarizing bipolar cells instead depolarize in response to glutamate. Other
cells in the retina are horizontal cells, which are laterally extensive interneurons in
the outer row of the INL, and amacrine cells, which form a morphologically and
physiologically diverse group of mostly inhibitory interneurons located in the inner row of the INL. Horizontal cells are postsynaptic to photoreceptors, and feed
signals back onto photoreceptor synaptic terminals and forward onto the dendrites
of bipolar cells. Most amacrine cells use GABA, glycine, or both acetylcholine and
GABA as neurotransmitters and provide feedback inhibition to bipolar cell terminals
and feed-forward inhibition to ganglion cells. Ganglion cells are physiologically
and morphologically diverse, with an estimated 15-20 different types. They can be
classified by many physiological and anatomical criteria, including size, response,
receptive field, color, ON or OFF, conduction velocity, morphology, branch pattern,
stratification, coupling, and coverage (Field and Chichilnisky, 2007).
VISUAL PROCESSING

Vision is initiated in rod and cone photoreceptors when light is converted into an
electrical signal. Visual information is processed in parallel pathways known as the
midget pathway, the parasol pathway, the blue-ON/yellow-OFF pathway, and the rod
pathway (Dacey, 2000; Wassle, 2004). Cone photoreceptors make synapses to ON
or OFF cone bipolar cells, which connect to midget retinal ganglion cells, parasol
retinal ganglion cells, or bistratified retinal ganglion cells (Figure 4). Interestingly,
the neural circuits in the rod pathway differ from those in the cone pathway. Rod
photoreceptors connect to ON rod bipolar cells, which subsequently send the signal to
AII amacrine cells. The AII amacrine cells send the information to ON or OFF cone
bipolar cells, which synapse to ON or OFF ganglion cells, respectively (Masland,
2001; Wassle, 2004).
In addition, lateral inhibitory pathways modulate the excitatory signaling in the vertical pathway. First, lateral inhibition occurs in the OPL via feedback from horizontal
cells at the photoreceptor-bipolar cell synapse. In the IPL, amacrine cells mediate
lateral inhibition via feedback, feed-forward, and serial inhibition. These excitatory
and inhibitory pathways are the origin of the fundamental center-surround receptive
field characteristic of most neurons in the visual pathway.
Parallel processing is a common strategy within sensory systems of the mammalian
brain (Nassi and Callaway, 2009). In the primate visual system, at least three parallel
pathways originate in the retina and convey distinct visual signals to primary visual
cortex (V1) via the lateral geniculate nucleus (LGN) of the thalamus. The LGN is a sixlayered structure with the four most dorsal layers referred to as parvocellular (P) and the
two most ventral layers as magnocellular (M), based on the presence of small and large
sized cells, respectively. The intercalating zones between each M and P layer and the
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Figure 4. Cone and rod pathway in visual transduction.
Cone photoreceptors contact ON and OFF bipolar cells, which in turn contact ON and OFF ganglion cells,
respectively. In contrast, rod photoreceptors send inputs to ON rod bipolar cells, which in turn synapse
with AII amacrine cells. ON signals enter the cone pathways via gap junctions between AII amacrine cells
and ON cone bipolar cells. OFF signals are produced by a glycinergic synapse between AII amacrine
cells and OFF cone bipolar cells.

extremely small cells there are recognized as a separate population and referred to as
koniocellular (K). The magnocellular (M) pathway provides signals specialized for
the detection of low contrast, quickly moving stimuli, whereas the pavocellular (P)
pathway provides signals specialized for form and color processing. The koniocellular
(K) pathway is more heterogeneous, and our understanding of the signals it provides
remains incomplete. Of a dozen different retinal ganglion cell types projecting to
the LGN, three are particularly well characterized and linked to parallel pathways.
Midget retinal ganglion cells comprise about 80% of these neurons and terminate in
the P layers, parasol retinal ganglion cells make up about 10% and project to the M
layers, and bistratified retinal ganglion cells, which form synapses in both the upper
and lower sublaminae of the IPL, comprise the remaining 10% and project to the K
layers. Each class of LGN neurons then projects to a specific subdivision of primary
visual cortex. 4Ca layers in the visual cortex receive inputs from magnocellular neurons, and 4Cß layers are innervated by parvocellular neurons. Koniocellular neurons
project to layers 2 and 3, specifically to regions known as “blobs” that stain densely
for the enzyme cytochrome oxidase.
Once the condensed and parallel signals from the retina arrive in the visual cortex,
the original components of the visual scene must be extracted, elaborated on, and
integrated into a unified percept. Beyond V1, visual information is processed in dorsal and ventral streams, which constitute separate but interconnected pathways that
are processed through the occipital, parietal, and temporal extrastriate visual cortex.
The dorsal stream is thought to specialize in the analysis of spatial relationships and
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motion, whereas the ventral stream is thought to specialize in the analysis of shapes
and object recognition. However, the relationship between the M, P, and K pathways
of the retina and LGN and the dorsal and ventral streams of the visual cortex is not
well understood. Recent studies have provided evidence for extensive mixing and
convergence of M, P, and K pathway inputs, suggesting that V1 outputs bear little or
no systematic relationship to its parallel inputs. Different strategies might be used in
V1 to transfer parallel input signals into multiple output streams.
Retinal degenerative diseases
RETINITIS PIGMENTOSA AND ALLIED HEREDITARY DISORDERS

Retinitis pigmentosa (RP) is a group of inherited retinal disorders that are characterized
by photoreceptor degeneration and subsequent damage to the inner retinal layers (Hartong
et al., 2006). The onset of visual symptoms initially occurs as night blindness and loss of
the peripheral visual field in a wide range of ages from childhood to late adulthood, and
progressive impairment of visual function in severe cases eventually results in loss of central vision. RP can be inherited as autosomal dominant, autosomal recessive, or X-linked
forms. Patients without a family history of the disease are also reported as simplex cases.
RP is usually diagnosed with typical visual symptoms and typical ophthalmoscopic fundus
abnormalities, including attenuation of retinal vessels, mottling of the RPE, bone-spicule
like retinal pigmentation and optic nerve head pallor (Figure 5). Perimetry shows typical
visual field defects, such as relative scotomas in the mid-periphery in early stages of the
disease, while the scotomas enlarge toward the far periphery and constrict the central visual
field as the disease progresses. The electroretinogram (ERG) is used for disease diagnosis
and follow-up of disease progression. The ERG is an electrical potential generated by
the retina in response to a flash of light generated by radial currents arising either directly
from retinal neurons or from retinal glia in response to changes in extracellular potassium
concentration caused by retinal neuronal activity. In most RP cases, the ERG amplitudes
are reduced, and are undetectable in advanced stages.

Figure 5. The fundus of a normal subject and a patient with retinitis pigmentosa.
Compared to the fundus of a normal subject (A), the fundus of a patient with retinitis pigmentosa (B)
shows attenuation of retinal vessels, mottling of the RPE, bone-spicule like retinal pigmentation, and optic
nerve head pallor.
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Histopathologic studies have shown that the initial change in the degenerating RP retina
is a shortening of the rod outer segments (Li et al., 1995; Milam et al., 1996). As the
disease progresses, photoreceptors are gradually lost through apoptosis, likely due to
mutant proteins concentrated in the cells. Great advances in understanding the molecular
genetics of RP were made in the 1990s. Mutations in a wide variety of photoreceptorspecific genes are responsible for RP (Farrar et al., 2002), with 41 genes and 10 loci
identified to date as disease-causing (http://www.sph.uth.tmc.edu/Retnet/). These likely
play important roles in photoreceptor-specific functions, such as phototransduction and
maintenance of cytoskeletal structure, intracellular signaling, and cell metabolism.
Clinical treatments for RP have not yet been developed, but a number of studies
investigating possible therapies are under way in animal models of photoreceptor
degeneration and offer hope for the future. Intraocular injections of growth factors
such as FGFs, CNTF, PEDF, and brain-derived neurotrophic factor (BDNF) have
been shown to protect against photoreceptor degeneration (Faktorovich et al., 1990;
LaVail et al., 1992; LaVail et al., 1998; Cao et al., 2001). However, these proteins
usually have transient effects, and cells that are genetically modified to express specific
factors are used to obtain sustained release (Cayouette and Gravel, 1997; Akimoto
et al., 1999; Miyazaki et al., 2003; Imai et al., 2005). A clinical trial is under way
in which human RPE cells are transfected with the CNTF gene, encapsulated in a
semipermeable membrane, and implanted into human eyes (Sieving et al., 2006).
However, although growth factor therapy may be effective for photoreceptor survival,
it cannot repair lost cells in the degenerating retina.
The potential of gene replacement therapy has been investigated in animal models
of retinal degeneration (Bennett et al., 1996; Takahashi et al., 1999; Ali et al., 2000).
Most studies of wild-type gene transfer into eyes used adenoviral or recombinant
adeno-associated viral vectors (rAAV). Some drawbacks of adenoviral vector injection include immune rejection with inflammatory changes and reduced duration of
transgene expression. These adverse effects can be avoided using selected serotypes
of rAAV vectors (Hoffman et al., 1997). rAAV-mediated gene therapy in canine
models (Acland et al., 2001), and clinical trials on Leber’s congenital amaurosis, a
congenital form of RP (Bainbridge et al., 2008; Maguire et al., 2008). This type of
disease is caused by mutations in RPE65, which associated with retinoid metabolism
in the RPE. Although this biochemical defect results in severe visual impairment,
photoreceptor degeneration is delayed. Like growth factor therapy, gene replacement
therapy must be performed in the early stages of disease before the progression of
photoreceptor cell loss.
A number of studies in human retinal transplantation for advanced RP patients have
been conducted using photoreceptor sheets from cadaver eyes (Berger et al., 2003),
cell suspensions of fetal retina (Humayun et al., 2000) and sheets of fetal neural
retina with the RPE (Radtke et al., 2002; Radtke et al., 2004). Transplantation of
adult retinal sheets and fetal retinal cells did not cause any changes in visual acuity
or ERG recordings, and in one eye transplantated with a sheet of fetal neural retina
with RPE, visual improvement was observed one year after the treatment. During
the follow-up period, there was no evidence of immune rejection of grafted tissues
in any of the reported cases.
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AGE-RELATED MACULAR DEGENERATION

Age-related macular degeneration (AMD) is the leading cause of blindness in patients
over 50 years of age in industrialized countries. In AMD, progressive degeneration
of the RPE and disruption of Bruch’s membrane leads to overlying photoreceptor
impairment and loss of central vision. An early characteristic feature in AMD is
drusen, which are protein and lipid deposits in Bruch’s membrane or between Bruch’s
membrane and the RPE. Components of these deposits are oxidized products that
are presumed to arise from the overlying RPE cells. A major lipid component of the
outer segment, docosahexanoate and its oxidized products, as well as carboxyethyl
pyrole are more frequently found in the sub-RPE deposits of AMD patients than in
controls (Crabb et al., 2002). Other components of drusen include serum proteins,
such as immunoglobulins, activated complement components (C3a and C5a), and
complement regulators (vitronectin, clusterin and complement factor H (CFH)) (Mullins et al., 2000; Johnson et al., 2001; Nozaki et al., 2006). These immunoglobulins
or complement proteins suggest the presence of chronic inflammation in the sub-RPE
area associated with progressive RPE degeneration or the pathological growth of
choroidal vessels under the retina (choroidal neovascularization; CNV). Recently, it
was reported that a variation in the gene encoding CFH is strongly associated with
the development of AMD by haplotype mapping and single nucleotide polymorphism
analysis (Edwards et al., 2005; Hageman et al., 2005; Haines et al., 2005; Klein et
al., 2005).
Classically, laser photocoagulation of the CNV was the only established treatment for
AMD. However, laser photocoagulation induces scar formation of targeted abnormal
vessels with damage to surrounding normal retinal tissue that results in visual impairment. Recently, several new therapeutic approaches have been used to treat AMD.
Photodynamic therapy is conducted with intravenous injections of a photosensitizing agent delivered selectively to the CNV and excitation of the agent by a specific
wavelength using a laser. Free radicals arising from excited photosensitizers cause
occlusion of the CNV with minimal influence on surrounding normal retinal tissues.
An alternative approach is intraocular injections of anti-VEGF agents to prevent the
growth of the CNV. Three types of anti-VEGF agents have been used clinically and
have been shown to maintain or improve vision for at least one or two years after
treatment: anti-VEGF aptamer (pegaptanib), a humanized anti-VEGF monoclonal
antibody (bevacizumab), and a high-affinity anti-VEGF Fab (ranibizumab) (Avery
et al., 2006; Heier et al., 2006).
Surgical treatment for AMD was also developed in the 1990s. de Juan first reported
removal of the CNV in AMD through a small incision site in the retina by micro-tipped
forceps inserted into the vitreous cavity (de Juan and Machemer, 1988). However,
the outcome of the follow-up reports on this treatment was not satisfactory; visual
improvement was observed in about 33% of the treated eyes and deterioration occurred in 27% (Falkner et al., 2007). In addition, excision of the CNV along with
the removal of surrounding the RPE is followed by a progressive increase in RPE
atrophy (Nasir et al., 1997; Castellarin et al., 1998).
Macular translocation by 360 degree incision and rotation of the retina was first
reported by Machemer (Machemer and Steinhorst, 1993). With this surgical tech-
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nique, the central area of the retina is detached and reattached to the normal RPE
area remote from the affected RPE area. The long-term follow-up study showed that
visual improvement was observed in 17% of treated eyes and deterioration occurred
in 44% at final examination, with progressive atrophy of the RPE being the limiting
factor for visual outcome (Aisenbrey et al., 2007).
In addition, Peyman reported RPE transplantation in two patients with end-stage
AMD (Peyman et al., 1991). The technique involves the preparation of a large retinal
flap encompassing the macula and replacement of the RPE and Bruch’s membrane.
The first patient with an autologous graft had visual improvement and the patient
fixated over the transplanted RPE. However, the second patient with a homologous
graft showed no improvement. Since homologous RPE transplantation without systemic immunosuppression resulted in the failure of grafts due to a delayed immune
reaction (Algvere et al., 1994; Algvere et al., 1997; Algvere et al., 1999), systemic
immunosuppression is necessary to avoid graft rejection, but this technique did not
lead to visual improvement (Tezel et al., 2007). Autologous RPE transplantation by
using peripheral RPE with choroid grafts has been described by van Meurs and Van
Den Biesen, and follow-up reports indicate improved visual function but frequent
surgical complications (van Meurs and Van Den Biesen, 2003; Joussen et al., 2006;
MacLaren et al., 2007).
Potential donor cells for retinal cell transplantation
RETINAL TISSUE

There are several candidate donor sources for photoreceptor transplantation (Table
3). Transplantation of whole sheets of embryonic or neonatal neural retina into the
sub-retinal space has been reported to result in the survival and differentiation of the
grafted tissue (Seiler et al., 1990; Zhang et al., 2003). However, integration of the
transplanted cells is quite limited, and they only rarely made connections with the host
tissue. One of the problems is that the inner part of the transplanted tissue contained
retinal ganglion cells and displaced amacrine cells, which did not re-form functional
synapses with host bipolar cells or outer nuclear cells of the surviving host retina.
Thus, a sheet arrayed with orientated photoreceptors might be ideal for photoreceptor
replacement in cases in which the host ONL degenerates.
Table 3. Potential of various donor cells for photoreceptor transplantation therapy.
Cell type
Retinal tissue
Developing retinal cells (P5)
Brain-derived neural
progenitor
Retinal progenitor
Ciliary body
Iris
Müller glia
ES cell
iPS cell

Photoreceptor Quantity Integration Immune Ethical
Tumor
rejection problems formation

◎
◎

×
×

△
◎

△
△

×
×

○
○

×

△

△

△

△

○

◎
○
○
○
◎
◎

△
△
△
△
◎
◎

◎
△
△
△
◎
◎

△
△
◎
△
○
◎

×
◎
◎
◎
×
◎

○
○
○
○
△
×

◎: good, ○: acceptable, △: marginal, ×: bad
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DEVELOPING RETINAL CELLS

Cells from the developing retina can be used as a donor source for transplantation.
MacLaren et al. have reported that transplantation of P3-6 post-mitotic rod precursors
improved visual function (MacLaren et al., 2006). The transplanted cells migrate
to the ONL, integrate into the host neural retina, and restore some visual function.
Notably, transplanted P3-6 post-mitotic rod precursors are capable of integrating into
the normal adult or degenerating retina, whereas proliferating progenitors or stem
cells are not. This indicates that the ontogenic stage of transplanted photoreceptors
determines the ability of these cells to integrate into the host retina. However, because
post-mitotic embryonic or neonatal retinal cells cannot proliferate, a large quantity
of retinal tissue is required to harvest enough P3-6 rod precursors. The supply of
available fetal retinal cells is limited, and use of human fetal tissue presents ethical
problems. Thus, in vitro expansion of stem cells is an ideal alternative source of
donor retinal cells.
NEURAL STEM CELLS IN THE BRAIN

Adult neural stem cells are present in the SVZ of the lateral ventricle and the SGZ of
the hippocampal dentate gyrus (Lledo et al., 2006; Zhao et al., 2008). Neural stem
cells in the SVZ generate young neurons that migrate tangentially to the olfactory
bulb where they replace multiple types of interneurons. Neural stem cells in the SGZ
differentiate into granule neurons of the dentate gyrus, sending axonal projections to
area CA3 and dendritic arbors into the molecular layer. These adult-born neurons are
integrated functionally into pre-existing neural circuits. Neural stem cells also exist
in humans (Eriksson et al., 1998; Sanai et al., 2004), suggesting that they might be
harnessed for transplantation therapy. Thus, we examined whether stem cells in the
adult rat hippocampus could differentiate into retinal neurons after transplantation into
the developing eye (Takahashi et al., 1998). Within four weeks of transplantation,
the adult stem cells were integrated into the retina and exhibited morphologies and
positions characteristic of Müller, amacrine, bipolar, horizontal, and photoreceptor
cells. However, none acquired end-stage markers unique to retinal neurons. We
therefore conclude that adult brain-derived stem cells cannot adopt retinal fates even
when exposed to the cues present during retinal development. Although the brain
and the retina are both generated from the ectodermally derived neural tube, neural
progenitors in different CNS regions differ in their competence to generate specific
types of mature neurons.
NEURAL STEM CELLS IN THE DEVELOPING RETINA

We also examined the potential of neural stem cells in the embryonic retina. Neural
progenitors from the rat fetal retina can be expanded in vitro and can differentiate
into various types of retinal neurons, including photoreceptors (Akagi et al., 2003).
Klassen et al. have demonstrated that retinal progenitors differentiate into cells of
photoreceptor morphology and express both rhodopsin and recoverin following
transplantation to the subretinal space. Notably, transplantation of retinal progenitors improve light-mediated behavior of rhodopsin knockout (Rho-/-) mice, a model
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of photoreceptor dystrophy (Klassen et al., 2004). However, retinal progenitors lose
their ability to differentiate into photoreceptors following massive expansion in vitro
(Akagi et al., 2003). Improving the methods for propagating stem cells and producing large numbers of photoreceptor cells is possible, but use of human fetal tissue
presents ethical problems.
PROGENITORS IN THE CILIARY MARGIN AND IRIS

The somatic progenitors in adult eye tissue are another potential source of donor
cells. The ciliary marginal zone has been reported to contain stem cells even in adults
(Ahmad et al., 2000; Tropepe et al., 2000). When cultured in vitro, these cells give
rise to retinal neurons, including photoreceptors. Iris-derived cells have also been
reported to generate retinal neurons (Haruta et al., 2001; Akagi et al., 2004; Akagi
et al., 2005; Asami et al., 2007). Adult tissues have the advantage of being suitable
for autografts, which do not cause immune rejection. Autologous iris tissue can be
feasibly obtained with peripheral iridectomy. Unlike the hippocampus, both the
ciliary margin and iris derive from the optic vesicle and optic cup, suggesting that
they may be more competent than brain stem cells to generate retinal neurons. Cells
differentiated from adult somatic progenitors in the eye express several photoreceptor marker proteins, but not all the genes responsible for photoreceptor function (our
unpublished data). Thus, it is likely that the generation of functional photoreceptors
requires a recapitulation of the normal process of retinal development.
MÜLLER GLIA IN THE ADULT RETINA

Müller glia are a specialized form of radial glia that span the entire depth of the retina.
Müller glial processes surround neuronal cell bodies in the nuclear layers and contact
synapses in the plexiform layers. The distal processes of the Müller glia form the
external limiting membrane of the retina, and their endfeet form the inner limiting
membrane. Under physiological conditions, Müller glia play an important role in
regulating extracellular K+ and pH, in the uptake of the neurotransmitter glutamate,
and in the synthesis of glutamine.
In contrast to other endogenous adult cell types, Müller glia have the potential to
generate retinal neurons after injury in vivo (Ooto et al., 2004; Karl et al., 2008; Wan
et al., 2008). Interestingly, glial cells in the SVZ of the lateral ventricle and the SGZ
of the hippocampal dentate gyrus also act as neural stem cells (Osakada and Takahashi,
2007; Lledo et al., 2008; Chojnacki et al., 2009). The possibility that Müller glia are
an intrinsic source of regeneration was first raised by Braisted et al. through experiments in the goldfish showing that laser damage elicited proliferation of Müller glia
and the concomitant replacement of the damaged cone photoreceptors (Braisted et al.,
1994). In addition, Müller glia in the retinas of post-hatch chicks have been reported
to possess regenerative capacity (Fischer and Reh, 2001). Several lines of evidence
support a close relationship between Müller glia and retinal progenitors. Recent gene
expression profiling studies have demonstrated a large degree of overlap in the genes
expressed in the Müller glia and late retinal progenitors (Blackshaw et al., 2003).
Moreover, the proliferation and differentiation of Müller glia-derived progenitors can
be regulated by both intrinsic (homeobox genes and basic helix-loop-helix genes)
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and extrinsic factors (Wnt, Notch, Shh, FGF and EGF) (Ooto et al., 2004; Das et al.,
2006; Osakada et al., 2007; Wan et al., 2007), similar to what has been observed with
retinal progenitors during eye development.
The neural stem cell properties of Müller glia have been also verified in vitro (Das
et al., 2006). Like neural stem/progenitor cells(Reynolds and Weiss, 1992), dissociated Müller glia form neurospheres in vitro. These neurospheres can differentiate
into neurons and glia, demonstrating the multipotency of Müller glia. In addition,
Müller glia-derived progenitors can be identified and purified as a distinct population by FACS analysis using Hoechst labeling, another characteristic of progenitors
(Das et al., 2006).
These neurogenic properties of Müller glia raise the possibility that they may be used
as a donor source for transplantation. Indeed, Müller glia-derived cells can differentiate into retinal neurons after transplantation into the retina (Das et al., 2006). Müller
glia can be obtained from human retinal tissue at eye banks, but it is impossible to
isolate Müller glia from the patient’s retina to perform autologous cell transplantation.
Because Müller glia serve as endogenous progenitors in vivo, drug therapy targeting
Müller glia may more suitable than transplantation therapy (Osakada et al., 2007;
Osakada and Takahashi, 2009). To repair the retina effectively, we need to identify
at least two drugs promoting proliferation of Müller glia-derived progenitors and
differentiation into required cell types.
ES CELLS

ES cells are pluripotent cells derived from the inner cell mass of blastocyst stage
embryos. They can maintain an undifferentiated state indefinitely in vitro and differentiate into derivatives of all three germ layers: the ectoderm, endoderm and
mesoderm. These characteristics make ES cells an attractive potential donor source
for degenerative diseases such as Parkinson’s disease, spinal cord injury, and diabetes,
as well as retinal degeneration (McDonald et al., 1999; Kim et al., 2002; Keirstead
et al., 2005; Takagi et al., 2005). For this purpose, controlled differentiation and
defined culture methods to obtain safe, differentiated cells are indispensable. Based
on our knowledge of embryonic development, we have developed methods of inducing retinal cells from ES cells in vitro (Ikeda et al., 2005; Osakada et al., 2008;
Osakada et al., 2009). Our defined culture method for generating large numbers of
photoreceptors and RPE from monkey and human ES cells will greatly contribute to
retinal regeneration therapy. As discussed above, because embryonic retina, brain
neural stem cells, somatic progenitors derived from the adult ciliary body or iris are
limited in differentiation potential and/or proliferation capacity, pluripotent stem cells
represent the most promising donor source for transplantation. One of the problems
to be resolved is removal of undifferentiated cells for donor cell preparation (Fukuda
et al., 2006; Choo et al., 2008).
iPS CELLS

Recent biotechnology has enabled the artificial generation of pluripotent stem cells
from somatic cells (Takahashi et al., 2007). Four transcription factors, Oct3/4, Sox2,
Klf4, and c-Myc, reprogram mouse embryonic or adult fibroblasts to generate induced
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pluripotent stem (iPS) cells, which express undifferentiated ES cell markers, have
similar gene expression profiles to ES cells, form teratomas, and contribute to all cell
types in chimeric animals, including the germ line (Maherali et al., 2007; Okita et
al., 2007; Wernig et al., 2007). iPS cells have been generated from fibroblasts, bone
marrow cells, hepatocytes, gastric epithelial cells, pancreatic cells, neural stem cells, B
lymphocytes, keratinocytes, and blood progenitors(Aasen et al., 2008; Aoi et al., 2008;
Hanna et al., 2008; Kim et al., 2008; Stadtfeld et al., 2008a; Loh et al., 2009). The
clinical application of human ES cell therapy faces ethical difficulties concerning the
use of human embryos, as well as tissue rejection following implantation (Takahashi
et al., 2007; Yu et al., 2007). However, iPS cells can resolve these issues, because
they can be generated easily from the patient’s own somatic cells.
On the other hand, iPS cells present new challenges not faced with ES cells. The establishment of iPS cells has required gene transfer of reprogramming factors. Early
reports used retroviral, lentiviral, and adenoviral vectors (Takahashi and Yamanaka,
2006; Brambrink et al., 2008; Mali et al., 2008; Stadtfeld et al., 2008b), but plasmids
were also subsequently shown to be effective (Okita et al., 2008). Although transgenes are largely silenced in iPS cells, their reactivation, particularly that of c-Myc,
can lead to tumorigenesis. However, c-Myc but is not required for generation of iPS
cells, even though it enhances the establishment efficiency (Nakagawa et al., 2008).
Recently, recombinant reprogramming factor proteins have been used to establish
mouse and human iPS cells (Kim et al., 2009; Zhou et al., 2009), and identification
of small molecules that can reprogram somatic cells may enable establishment of
gene insertion-free, animal product-free iPS cells. It should be noted that partial or
aberrant reprogramming results in impaired ability to differentiate into the required
cell type, so selection and validation of iPS cells are critical.
Generation of RPE and photoreceptors from pluripotent stem cells
IN VITRO ES CELL DIFFERENTIATION SYSTEM

Since the establishment of mouse ES cells in 1981 (Evans and Kaufman, 1981) and
human ES cells in 1998 (Thomson et al., 1998), much progress has been made in ES
cell propagation and differentiation techniques. Over the last decade, several methods
have been reported to control differentiation of ES cells into neural cells (Bain et al.,
1995; Kawasaki et al., 2000; Lee et al., 2000a; Tropepe et al., 2001; Wichterle et
al., 2002; Barberi et al., 2003; Ying et al., 2003; Watanabe et al., 2005; Ueno et al.,
2006; Eiraku et al., 2008). Each method has its own advantages and disadvantages,
depending on the type of neural cells desired, and can induce differentiation of neural
tissues with distinct regional identities within the CNS.
By using a co-culture system, we have established an efficient method of inducing
selective neural differentiation of ES cells under serum-free, retinoic acid-free conditions: the stromal cell-derived inducing activity (SDIA) method (Kawasaki et al.,
2000). During vertebrate embryogenesis, nervous tissue arises from uncommitted
ectoderm during gastrulation. Subsequently, the CNS anlage is patterned to acquire
regional specification along the rostral-caudal and dorsal-ventral axes. Thus, we examined the positional identity of ES cell-derived neural cells (Mizuseki et al., 2003;
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Irioka et al., 2005; Ueno et al., 2006). RT-PCR analysis with rostral-caudal CNS
markers showed that SDIA-treated ES cells express the forebrain marker Otx2, the
midbrain-hindbrain border marker En2, and the rostral hindbrain marker Gbx2. In
contrast, little expression is detected for the spinal cord markers Hoxb4, Hoxb9, and
HB9. The rostral-caudal specification of SDIA-induced neural cells can be modified by
adding the caudalizing factor retinoic acid. Treatment with retinoic acid promotes the
expression of caudal CNS markers, such as Gbx2, Hoxb4, Hoxb9, and HB9, whereas
the forebrain marker Otx2 is suppressed. In addition, we examined positional markers
along the dorsal-ventral axis. SDIA treatment induces both dorsal (Pax7 and Dbx1)
and ventral (Irx3 and HNF3β) neural tube markers. The ventral-most neural tube
markers Nkx6.1, Nkx2.2, and HNF3β are also expressed in SDIA-treated cells. Thus,
SDIA-induced neural precursors differentiate into a wide range of CNS cell types that
correlate with their positions along the dorsal-ventral and rostral-caudal axes.
The neural crest arises from the juncture of the dorsal CNS and non-neural ectoderm
(Knecht and Bronner-Fraser, 2002), where a number of BMP family members are
expressed. Although BMP signals inhibit neural induction at the early gastrula stage,
the same signals promote neural crest formation when applied at later developmental
stages (Jessell, 2000; Knecht and Bronner-Fraser, 2002). Consistent with these in
vivo events, late BMP4 exposure after the fourth day of SDIA treatment causes differentiation of neural crest cells and dorsal-most CNS cells, with autonomic nervous
tissue preferentially induced by high BMP4 concentrations and sensory lineages by
low BMP4 concentrations. Moreover, early exposure of SDIA-treated ES cells to
BMP4 suppresses neural differentiation and promotes formation of epidermal cells.
In contrast, sonic hedgehog (Shh) suppresses the development of dorsal tissues and
promotes the differentiation of ventral CNS tissue in vivo (Jessell, 2000). Consistent
with this activity, Shh suppresses differentiation of ES cells into dorsal cells, including
AP2+/NCAM+ neural crest cells, and increases the number of ventral cells, including
Nkx2.2+ cells, HNF3β+ floor plate cells, and motor neurons.
We have also established a serum-free, feeder-free culture system that induces efficient neural differentiation from ES cells: the serum-free floating culture of embryoid
body-like aggregates (SFEB) method (Watanabe et al., 2005) (Figure 6). In the presence of a Wnt antagonist (Dkk-1), SFEB efficiently induces the formation of Bf1+
telencephalic precursors (Figure 1). Subregional specification of the telencephalon
can be reproduced in vitro using embryologically relevant patterning molecules. Wnt
inhibits neural differentiation and forebrain development at earlier stages (Aubert
et al., 2002; Nordstrom et al., 2002), but positively regulates pallial telencephalic
specification at later developmental stages (Galceran et al., 2000; Lee et al., 2000b;
Gunhaga et al., 2003). In contrast, Shh has been implicated in the ventral specification of the forebrain (Ericson et al., 1995; Chiang et al., 1996; Rallu et al., 2002).
Consistent with these activities, treatment with Wnt3a or Shh during late SFEB culture
increases differentiation into the pallial (Pax6+, Bf1+) or basal (Nkx2.1+, Islet1/2+,
Bf1+) telencephalic population, respectively (Figure 1). Moreover, caudal CNS tissues such as Math1+ cerebellar neurons are induced from ES cells by SFEB culture
followed by BMP4/Wnt3a treatment (Su et al., 2006). The induced Math1+ cells
are mitotically active and express markers characteristic of granule cell precursors
(Pax6, Zic1, and Zipro1). L7+/Calbindin-D28K+ Purkinje cells are also induced under
similar culture conditions. These observations indicate that SDIA- or SFEB-treated
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ES cells generate naive neural progenitors that are competent to differentiate into the
rostral-caudal and dorsal-ventral ranges of neuroectodermal derivatives in response
to patterning signals.

Figure 6. Directed differentiation of pluripotent stem cells into various neural progenitors in response
to patterning signals.
Pluripotent stem cells differentiate into the rostral-caudal and dorsal-ventral range of neuroectodermal
derivatives in response to patterning signals. SFEB and soluble factor treatment induce telencephalic,
retinal, cerebellar, and caudal neural progenitors.

DIRECTED DIFFERENTIATION OF ES CELLS AND iPS CELLS INTO RETINAL CELLS

In vitro differentiation of ES cells mimics at least in part the patterning and differentiation events that occur during embryogenesis. ES cells differentiate into a variety
of neural cells with specific spatiotemporal identities. In response to exogenous patterning signals such as Wnt, Shh, BMP4, and retinoic acid, ES cell-derived neural
progenitors differentiate into a wide range of neural cells that correlate with their
positions along the dorsal-ventral and rostral-caudal axes.
During early embryogenesis, the retinal primordium forms in the rostralmost region of
the diencephalon expressing Six3. The transcription factor Rx, an early marker of the eye
field, plays an essential role in the specification of the retinal primordium within the Six3+
rostral CNS. During early embryogenesis (E10.5), progenitors in the optic cup express
Rx in the inner layer that will give rise to the neural retina, Mitf in the outer layer that will
give rise to the RPE, and Pax6 in both layers (Furukawa et al., 1997; Mathers et al., 1997;
Bora et al., 1998; Nguyen and Arnheiter, 2000; Baumer et al., 2003) (Figure 7). Thus, the
neural retinal lineage during early development is characterized by Rx/Pax6 coexpression.
We first attempted to induce Six3+ rostralmost CNS progenitors and Rx+/Pax6+ retinal
progenitors by applying exogenous patterning signals. Because the extracellular patterning
signals that induce the retinal primordia have not yet been identified, we used a candidate
approach to identify soluble factors that induce Rx/Pax6 expression (Ikeda et al., 2005).
In serum-free and feeder-free aggregate culture (SFEB culture), strong expression of Six3
is found on culture day 5, but not in cells cultured with the caudalizing factor RA. The
strongest induction of Rx+/Pax+ cells is observed when ES cells were treated with Dkk-1,
Lefty-A, FCS, and Activin (referred to as SFEB/DLFA cells).
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Figure 7. Multi-step commitment in the development of retinal cells.
Markers for the differentiation steps are boxed. ES cells and iPS cells differentiate into photoreceptors and
RPE in a stepwise manner along the developmental time course.

The RPE expresses Mitf, Pax6, and Otx2, but not Rx, during retinal development (Figure
7). We therefore tested whether RPE differentiation was observed in SFEB/DLFA culture
by examining expression of the early RPE marker Mitf. Mitf+ cell aggregates are observed
in SFEB/DLFA cultures, whereas SFEB-treated cells rarely express Mitf. Consistent with
the in vivo expression profile of RPE markers, most Mitf+ cells in the SFEB/DLFA culture
are Pax6+ and Otx2+. Thus, we conclude that SFEB/DLFA treatment preferentially induces
differentiation of retinal progenitors from mouse ES cells.
Next, we examined photoreceptor differentiation of SFEB/DLFA-treated retinal
progenitors (Osakada et al., 2008). Inhibition of Notch-1 has been shown to promote
photoreceptor differentiation in vivo (Jadhav et al., 2006). In mouse ES cells, purified
Rx+ cells express Notch (Notch1-4) and its downstream mediators Hes1, Hes5, and
Hey1. Inhibition of Notch signaling in these cells by the γ-secretase inhibitor DAPT
increases the frequency of Crx+ photoreceptor precursors generated from Rx-GFP+
cells. We then examined whether Crx+ photoreceptor precursors that were efficiently
generated using DAPT could further differentiate into rod and cone photoreceptors.
On day 28, 20-25% of ES-derived cells express red/green opsin or blue opsin, conespecific pigment proteins that are indispensable for color vision. In contrast, fewer
cells express rhodopsin, the rod-type visual pigment. To optimize conditions for rod
differentiation, we next tested several soluble factors that are reported to promote rod
differentiation from embryonic or neonatal retinal progenitors (Levine et al., 2000).
When aFGF, bFGF, taurine, Shh, and retinoic acid are added, a large number of cells
(15-20%) express the rod photoreceptor marker Rhodopsin.
We have also established a defined culture method for monkey and human ES cells
that does not require serum (Osakada et al., 2008). Serum-free, feeder-free suspension
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culture combined with application of Dkk-1 and Lefty-A induces retinal progenitors
positive for RX, PAX6, MITF, and CHX10 on culture days 30-40. Subsequently, the
progenitors generate hexagonal pigment epithelium polarized with apical microvilli
and basal membranes. The pigment cells expressed RPE-65 and CRALBP, formed
ZO-1+ tight junctions, and exhibited phagocytic function on day 100 (Figure 8A, B).
However, photoreceptor differentiation occurs only infrequently under these conditions. Additional treatment with retinoic acid and taurine significantly promotes
differentiation of ES cell-derived progenitors into photoreceptors positive for CRX,
NRL, RECOVERIN, RHODOPSIN, BLUE OPSIN, or RED/GREEN OPISN on day
140. The induced photoreceptors express genes responsible for phototransduction
(Figure 8C, D).

Figure 8. Generation of RPE and photoreceptors from human ES cells.
(A) Hexagonal pigmented cells derived from human ES cells. (B) Electron micrograph of human ES cellderived RPE. (C) Rhodopsin+ photoreceptors derived from human ES cells. (D) Human ES cell-derived
Rhodopsin+ cells co-express Recoverin. (Figures from Nature Biotechnology (Osakada et al., 2008)).

These differentiation methods using defined factors for ES cells are applicable to iPS
cells (Hirami et al., 2009). It should be noted that the selection and validation of iPS
cells are critical for generation of iPS cells and their further differentiation. We have
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found that mouse iPS cells selected by Nanog expression (Nanog-iPS cells) can differentiate into photoreceptors and RPE, while iPS cells selected by Fbx15 expression
(Fbx15-iPS cells) can not. Nanog-iPS cells are fully reprogrammed, and contribute
to the germline of adult chimeric mice can to live-late term embryos when injected
into tetraploid blastocysts. In contrast, Fbx15-iPS cells are similar to ES cells in
morphology, proliferation, and teratoma formation, but show clear differences from
ES cells in their global gene expression profile and differential potential.
It is also important to note that because xenogenic factors may cause immune rejection following transplantation, the generation of differentiated cells from human ES
cells or iPS cells without contamination from animal-derived substances is essential for
the clinical application of transplantation strategies (Martin et al., 2005). For retinal
differentiation, the above-mentioned method requires the addition of recombinant
Dkk-1 and Lefty-A proteins, which are produced in animal cells or E. coli, raising the
possibility of infection or immune rejection due to cross-species contamination. By
contrast, using chemical compounds to induce differentiation offers several advantages
compared with using recombinant proteins. Not only are they non-biological products,
but they show stable activity, have small differences between production lots, and are
low cost. Thus, establishment of chemical compound-based culture systems will be
necessary for human pluripotent cell-based transplantation therapies.
We have succeeded in establishing chemical compound-based culture systems for
generating retinal cells from human ES cells and iPS cells (Osakada et al., 2009).
This represents another significant step towards clinical application of retinal transplantation therapy. Application of the casein kinase I inhibitor CKI-7, the ALK-4
inhibitor SB-431542, and the Rho-associated kinase inhibitor Y-27632 in serum-free
and feeder-free floating aggregate culture induces retinal progenitors positive for
RX, MITF, PAX6, and CHX10. The treatment induces hexagonal pigmented cells
that express RPE-65 and CRALBP, form ZO-1-positive tight junctions, and exhibit
phagocytic functions. Subsequent treatment with retinoic acid and taurine induces
photoreceptors that express CRX, NRL, RECOVERIN, RHODOPSIN, and genes
involved in phototransduction.
Retinal cell transplantation
PHOTORECEPTOR TRANSPLANTATION

At early stages of retinal degeneration, when second order neurons still have nearly normal functional synapses and donor cells can establish functional synapses on appropriate
second order neurons (Humayun et al., 2003), photoreceptor replacement is likely to
be an effective way to recover normal retinal function. Thus, an important criterion for
the donor cell source in this type of therapy is the ability to generate a sufficient number
of functional photoreceptors. In this respect, pluripotent stem cells have an advantage,
since they can provide unlimited numbers of donor cells (Table 3).
Recently, Lamba et al. have reported that human ES cell-derived retinal cells can
migrate into the mouse retina, settle into the appropriate layers and express markers for
differentiated cells, including both rod and cone photoreceptors (Lamba et al., 2009).
They showed that when transplanted into the vitreous humor of newborn wild-type
mice, ES cell-derived retinal cells integrated into all the retinal layers and expressed
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markers appropriate for the lamina in which they settled. When transplanted into the
subretinal space of adult mice, the cells integrated into the ONL expressed photoreceptor markers, and differentiated morphologically identifiable outer segments. In
a study using post-mitotic photoreceptor precursors from the postnatal mouse retina
as donor cells (MacLaren et al., 2006), the optimal donor age for integration into the
host newborn mouse retina was P3-P6. Thus, cell type-specific and stage-specific
selection of ES cell-derived differentiated cells will raise the efficiency of integration
into the host retina (Osakada and Takahashi, 2009).
The function of transplanted photoreceptors was assessed in animal retinal degeneration models by the pupillary light reflex, ERGs, and recording receptive fields across
the surface of the superior colliculus. The pupil responses of Rho-/- mice transplanted
with postnatal Rho+/+ retinal cells in one eye and a sham injection of Rho-/- retinal
cells in the other eye were examined by MacLaren et al. (MacLaren et al., 2006). In
Rho-/- mice, rod photoreceptor degeneration gradually progresses by ~12 weeks of age,
while these mice retain cone function capable of detecting high intensity stimuli (Toda
et al., 1999). The pupil reflex in the treated eyes could be elicited by lower intensity
stimuli than in the sham-injected eyes, which showed a pupil reflex similar to that of
untreated Rho-/- mice. They concluded that transplanted rod photoreceptor precursors
are light-responsive and functionally connected to downstream neural circuits.
Although the ERG response is the sum of all retinal cells and consists of overlapping positive and negative component potentials that originate from different stages
of retinal processing, it is a useful tool for studying retinal function because it can be
recorded noninvasively under physiological conditions. The ERG response consists
of light-driven photoreceptor activity (A-wave) and post-synaptic retinal circuitry
(B-wave and oscillatory potentials). Crx knockout mice (Crx-/- mice) completely
lack of any rod or cone ERG response, even though the photoreceptor layer is intact
(Furukawa et al., 1999). When human ES cell-derived retinal cells are transplanted
into the subretinal space of 4- to 6-week-old Crx-/- mice, extensive migration of
transplanted cells into the ONL was observed. Moreover, the ERG B-wave response
was restored, with the number of integrated rod photoreceptors correlated with the
amplitude of the B-wave (Lamba et al., 2009).
Electrophysiological recordings from the superior colliculus provide information
about the direct retinal input that is topographically organized according to the area of
the retina. Physiological changes take place in the visual centers of the brain parallel
to the spatial and temporal progression of the photoreceptor degeneration in the retina.
This method is suitable for assessing a confined area of the transplanted retinal tissue.
Retinal degeneration model rats that received fetal retinal sheet transplants recovered
visual evoked potentials in the superior colliculus (Woch et al., 2001; Thomas et al.,
2004). However, visual function mediated by cortical activity is assessed by behavioral
tests, such as the visual optokinetic system or visual water task, described by Prusky
et al. (Prusky et al., 2000; Prusky et al., 2004; McGill et al., 2007).
Finally, the host environment is also critical for photoreceptor transplantation.
Retinal degeneration is characterized by the formation of glial scars and microglial
activation, which may impede integration and survival of transplanted cells. Robust
integration of transplanted retinal cells into the retina of host mice deficient for both
vimentin and glial fibrillary acidic protein has been reported (Kinouchi et al., 2003).
Moreover, chondroitinases and matrix metalloproteases-2 that degrade the extracel-
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lular matrix in the diseased retina aid in the integration of transplanted photoreceptors
(Suzuki et al., 2006; Suzuki et al., 2007). Disruption of the outer limiting membrane
also increases photoreceptor integration following transplantation (West et al., 2008).
Therefore, in addition to immunosuppression, the host retinal environment must be
modulated for successful transplantation.
RPE TRANSPLANTATION

Transplantation of the RPE as a therapeutic approach for AMD aims at photoreceptor rescue by restoring phagocytosis of photoreceptor outer segments, secretion of
trophic factors, and reconstruction of BRB. The possibility of photoreceptor rescue by
transplantation of the RPE was demonstrated in reports showing that transplantation
of normal rat RPE into the subretinal space of the Royal College of Surgeons (RCS)
rat resulted in phagocytosis of host outer segments and prevention of photoreceptor
degeneration (Li and Turner, 1988; Lopez et al., 1989). The RCS rat is a widely
used animal model of inherited retinal dystrophy in which the disability of RPE
phagocytosis of shed outer segments by a mutation in the gene encoding the receptor tyrosine kinase Mertk leads to progressive loss of photoreceptors (D’Cruz et al.,
2000; Feng et al., 2002). The restoration of visual function in RPE cell transplanted
RCS rats was confirmed using ERG, pupillary reflex, and recording receptive fields
across the surface of the superior colliculus (Yamamoto et al., 1993; Whiteley et al.,
1996; Sauve et al., 1998; Coffey et al., 2002).
Transplantation of RPE cells from human fetal and adult eyes into the subretinal
space of RCS rats prevented photoreceptor cell death and improved visual function
(Little et al., 1996; Castillo et al., 1997; Little et al., 1998). Recently, ES cell-derived
RPE cells were used as donor cells for RPE transplantation in the RCS rat model
(Haruta et al., 2004; Lund et al., 2006). In these studies, host animals were immunosuppressed postoperatively as they were injected with the xenogenic tissues.
The subretinal space has been shown to have the properties of an immune privileged site, similar to the anterior chamber of the eye (Wenkel and Streilein, 1998).
The mechanism involves active suppression of immune responses through FasL
(CD95L) expression in the RPE, which induces apoptosis of CD95+ inflammatory cells (Wenkel and Streilein, 2000). Other mechanisms involve suppression of
interferon-γ and upregulation of IL-10 by soluble factors secreted by the RPE, such
as TGF-β, thrombospondin, somatostatin, and PEDF (Zamiri et al., 2005; Zamiri et
al., 2006). However, since the outer BRB is broken down in the RCS rat, chronic
rejection occurs and the donor RPE cells that are normally MHC class II-negative
express MHC class II mRNA in the subretinal space after transplantation (Zhang and
Bok, 1998). The BRB also appears to break down in AMD patients, and the immune
privileged status of their subretinal space seems imperfect. Since immune rejection
is a serious problem for successful RPE transplantation, it is better to use autologous
tissue. The technique of preparing autologous RPE cells or sheets with choroid tissue
requires relatively large amounts of ocular tissue and leads to a high risk of surgical
complications. The advantage of using differentiated RPE from pluripotent stem
cells is that these cells can provide an unlimited number of donor cells (Haruta et al.,
2004; Klimanskaya et al., 2004; Lund et al., 2006; Osakada et al., 2008). Moreover,
iPS cells offer the possibility of avoiding immune rejection, since RPE cells could
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be generated from the patient’s own somatic cells (Takahashi and Yamanaka, 2006;
Hirami et al., 2009).
Finally, improved techniques for effective transplantation need to be explored.
For instance, transplantation of RPE sheets rather than cell suspensions may improve
functional recovery. In addition, development of specialized surgical tools will be
required for human RPE transplantation.
Concluding remarks
iPS cell technology represents a great advance in the field of regenerative medicine
(Hanna et al., 2007; Dimos et al., 2008; Park et al., 2008; Ebert et al., 2009; Ye et
al., 2009). Many improvements in the methods for establishing iPS cells have been
reported; for instance, c-Myc is not essential for the generation of iPS cells (Nakagawa
et al., 2008), and reprogramming factor proteins can induce iPS cells without viral
vectors or plasmids (Kim et al., 2009; Zhou et al., 2009). The next challenges will
be identification of chemical compounds that induce reprogramming, establishment
of feeder-free and serum-free culture conditions for establishment of iPS cells, and
enhancement of establishment efficiency, as well as elucidation of reprogramming
mechanisms (Feng et al., 2009; Hochedlinger and Plath, 2009). For clinical applications, safe reprogramming methods, the choice of target cells, and validation of genuine
iPS cells must be carefully optimized. For cell transplantation therapy, safety and
effectiveness must be evaluated using in vivo animal models. For this purpose, larger
animals that are more closely related to humans, such as rabbits, pigs, and monkeys,
are useful for preclinical studies (Liu et al., 2008; Esteban et al., 2009). Nevertheless, ES cells are still important for regenerative medicine, since patients with genetic
disorders including RP may require transplantation of normal ES cell-derived cells.
At present, clinical applications of RPE and photoreceptor transplantation are at
different stages. RPE transplantation may closer to therapeutic use, since transplantation of human ES cell-derived RPE cells has been submitted to the US Food
and Drug Administration (FDA) for approval. Autograft and allograft studies using
monkey iPS cell-derived cells will greatly help our understanding of the safety of such
transplantations, including rejection and tumorigenesis. Thus, the next step in RPE
transplantation research will focus on evaluating safety and effectiveness in monkeys
and humans, as well as the development of surgical methods.
Transplantation of retinal cells from human ES cells has been reported to restore
some visual function in a photoreceptor degeneration model, namely Crx-deficient
mice (Lamba et al., 2009), but this study was performed without selection of photoreceptors. Purification of photoreceptors at a specific stage is critical for enhancement
of transplantation efficacy (MacLaren et al., 2006; Osakada and Takahashi, 2009).
For this purpose, identification of surface antigens marking P3-6 rod photoreceptors is
crucial. To integrate transplanted cells into host tissue and to restore retinal function,
the normal mechanisms of circuit assembly in the developing retina will likely need
to be reactivated. Thus, questions that require further investigation include: How do
axons and dendrites make the appropriate connections? How are complex neural circuits assembled? How is visual information encoded and decoded? If we can control
these steps artificially, effective retinal regeneration therapy can be achieved.
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In addition to donor cell or tissue preparation, manipulation of the host conditions is
essential for successful transplantation. Diseased host tissue may exhibit pathological
conditions that differ from normal physiological conditions. For instance, inflammation affects the survival, synapse formation, and neural activity of transplanted cells,
and except in cases of autotransplantation, immune rejection occurs following cell
transplantation. The optimal time windows for photoreceptor transplantation should
be determined for every type of retinal degeneration. A better understanding of the
pathological host conditions, including immune responses, will be essential for regeneration of retinal function. Optimization of pharmacological drugs and transplantation
materials are therefore crucial for successful transplantation.
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Abstract
Metagenomics is a relatively new but fast growing field within environmental biology
directed at obtaining knowledge on genomes of environmental microbes as well as of
entire microbial communities. With the sequencing technologies improving steadily,
generating large amounts of sequence is becoming routine. However, it remains difficult to connect specific microbial phyla to specific functions in the environment. A
number of ‘functional metagenomics’ approaches have been implemented in the recent
years that allow high-resolution genomic analysis of uncultivated microbes, connecting them to specific functions in the environment. These include analysis of nichespecialized low complexity communities, reactor enrichments, and the use labeling
technologies. Metatranscriptomics and metaproteomics are the newest sub-disciplines
within the metagenomics field that provide further levels of resolution for functional
analysis of uncultivated microbes and communities. The recent emergence of new
(next generation) sequencing technologies, resulting in higher sequence output and
dramatic drop in the price of sequencing, will be defining a new era in metagenomics.
At this time the sequencing effort will be taken to a new level to allow addressing new,
previously unattainable biological questions as well as accelerating genome-based
discovery for medical and biotechnological applications.
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Abbreviations: WGS, Whole-Genome Shotgun; bp, base pairs; Mb, 1,000,000 base pairs; Gb,
1,000,000,000 base pairs.
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Introduction
Metagenomics is a fast growing and diverse field within environmental biology directed at obtaining knowledge on genomes of environmental microbes, without prior
cultivation, as well as of entire microbial communities. Other terms are also used to
describe this methodology: environmental genomics, ecogenimics, community genomics, megagenomis. For the purposes of this review, all these terms are interchangeable.
The term ‘functional metagenomics’, in a broad sense, is meant to reflect a connection
between the identity of a microbe, or a community, uncovered via metagenomics
and their respective function(s) in the environment. The power of metagenomics is
in allowing one to tap into the vast metabolic potential of uncultivated microbes that
represent the majority of microbes on Earth, including entirely novel microbes and
novel metabolic pathways. The two main and principally distinct outcomes of the
metagenomic approach are the emerging new outlook at the complexity of microbial
communities, in terms of both species diversity and community dynamics, and identification of genetic determinants for production of biologically active molecules and
processes that carry a potential for medical and biotechnologcial applications. Recent
advances in next-generation (ultra-high throughput) sequencing technologies, resulting
in a dramatic drop in the price of DNA sequencing, bring about the promise of a new
era in metagenomics, when the sequencing effort will be taken to a new level, to allow
addressing new, previously unattainable biological questions, as well as accelerating
genome-based discovery for biotechnological applications.
Despite its short history, metagenomics has recently become a mainstream approach
in every field under the umbrella of biological sciences, and the term itself became
a household name. As a reflection of the community interest, the already profound
impact, and the future potential of metagenomics, the field is a subject of intense
discussion, resulting in a steady stream of reviews covering every topic in the field,
from strategies and methodologies of metagenomics (Handelsman 2004; Schloss
and Handelsman, 2005; Snyder et al., 2009), to industrial and medical applications
(Warnecke and Hess, 2009; Li et al., 2009; Preidis and Versalovic, 2009), to the bioinformatics issues (Markovitz et al., 2008; Kunin et al., 2008; Lapidus 2009). By no
means does this review intend to comprehensively cover all the work conducted in
the past that involved metagenomic or functional metagenomic approaches. Instead, it
will pursue two major goals: highlighting the recent advances specifically addressing a
connection between the function and phylogeny in the environment, via high resolution
metagenomics, metatranscriptomics and metaproteomics, and offering an outlook at
the future of metagenomics that will rely on the newest sequencing technologies as
well as on considerably evolved data management infrastructures.
Brief history of metagenomics
As genomics, starting in mid-nineties, has revolutionized the entire range of biological
sciences, so did metagenomics a decade or so later. However, the history of metagenomics should probably be traced back to the work of Staley and Konopka (1985), first
reporting on ‘great plate count anomaly’, and the works of the Woese group, identifying
the 16S rRNA gene as a marker molecule for assessing microbial diversity (Woese
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1987). The practical use of 16S rRNA analysis as a tool for phylogenetic profiling of
microbial communities has been pioneered by the Pace group in early nineties (Schmidt
et al., 1991), constituting the onset of metagenomics as a sub-field of microbial ecology,
albeit without an official name. The term ‘metagenomics’ was coined almost a decade
later by the Handelsman group (Handelsman et al., 1998) and was instantly embraced
by the scientific community. In this latter case, the term referred to the functional
analysis of mixed environmental DNA captured as large size inserts after a screen for
a specific activity, thus also providing one meaning to ‘functional metagenomics’. The
two seminal works that defined the most widely accepted meaning of metagenomics,
the random whole-genome shotgun (WGS) sequencing-based analysis of microbial
populations, were published in quick succession in 2004. One describes analysis
of an artificially simple community, of a biofilm growing on the surface of an acid
mine drainage (Tyson et al., 2004), and the other describes a much more complex
community of the Sargasso Sea (Venter at al., 2004). The significance of these two
early studies is two-fold. On the one hand, they ultimately defined the path for future
metagenomic projects. On the other, they provided important insights into the scale of
the sequencing effort that would be required for analyzing communal DNA using this
method, spanning a range of scenarios from very simple to very complex. Accordingly, the outcomes of these projects regarding the knowledge on specific members of
the communities interrogated were dramatically different. The former (with only 76
Mb sequencing effort) resulted in assembly and analysis of almost complete genomes
of the dominant species, including accurate metabolic reconstruction and detection
of strain-specific genomic variants. The latter, with a much larger sequencing effort
(almost 2 Gb) resulted in very fragmented assemblies even for the most abundant
species, with most of the dataset being represented by singleton sequencing reads.
The stage has been set for a flood of WGS-sequencing-based projects to follow. At
the moment of writing, 167 projects are listed in the GOLD database (Liolios et al.,
2008), and results from 57 of these have been already published.
Over the same time, breakthroughs in developing alternative sequencing technologies occurred, promising a significantly higher throughput and significantly reduced
cost of sequencing, and these new (known as next-generation) sequencing technologies
have been immediately tested in metagenomic applications (Edwards et al., 2006).
These new sequencing technologies have also enabled a new subfield of metagenomics, termed metatranscriptomics, (i.e. shotgun characterization of environmental
transcripts) that is developing incredibly quickly. Another subfield, metaproteomics
(i.e. analysis of community protein pools) is emerging, signaling the arrival of a whole
new era of metagenomics.
Current state of metagenomics (and how it can be improved)
It has been just over five years since the onset of WGS-sequencing-based metageomics. How has the field progressed towards its maturity and how has it changed since
the seminal works published in 2004? About a decade ago, while discussing the fate
of microbial genomics, Dr. Woese has lamented the fact that microbiologists have
never developed an appropriate, overarching concept for the field, the need for which
he thought critical (Woese 1998). The same can be said today about metagenomics.
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For the past five years, the field has mostly operated in a ‘Wild West’ fashion, with
no concerted effort, little broad-scale coordination, and in the absence of established
‘gold standards’. Individual scientists have been spearheading individual metagenomic
projects, mostly on a small scale, as dictated by the economics of sequencing, often
times without prior knowledge on the structure or the complexity of the community
in question. However, the complexity of natural communities as a challenge to metagenomics has been recognized from the very start. Venter and colleagues (2004)
have modeled a sequence coverage level that would be required to identify most of the
genomes in the Sargasso Sea sample, concluding that at least an order of magnitude
larger sequencing effort was necessary. Another early metagenomic project that interrogated an even more complex community, the one inhabiting soil, resulted in a similar
conclusion, admitting significant under-sampling (Tringe et al., 2005). However, the
effort toward significantly deeper sampling was deemed not feasible and thus not
necessary. As a result, most of the metagenomic projects carried out so far have been
following the path of under-sampling, the disregard for community complexity validated by the broad use of a method called gene-centric analysis (Tringe et al., 2005).
This method (a poor man’s approach to metagenomics) treats a community (mostly
represented by singleton reads, frequently of poor quality) as an aggregate, ignoring
the context of individual species. Each read is automatically assigned to a functional
category, and this way functional profiles of communities can be created. Communities then can be compared to each other in terms of functional profiles (Tringe et al.,
2005). This approach performs rather well with singleton sequencing reads generated
by the Sanger technology, with approximately 90% of genes being found to encode
at least one and sometimes two putative polypeptides. However, the resolution of this
approach drops further when it comes to functional gene annotation. This task relies
on the content of the current gene and protein databases, which are heavily biased
toward model organisms that do not fully represent the diversity of the organisms in
the environment (Woese 1998). The problem of annotation of environmental genes
persists beyond the lack of close homologs for the genes represented in metagenomic
databases. In databases most frequently used to aid in annotation of metagenomic
sequences (such as the non-redundant NCBI database, the SEED database), many
of the specialized biochemical pathways are poorly annotated. Thus, even if close
homologs are present, their most likely functions may be called incorrectly. Even if
the functions of genes can be predicted with precision based on a homolog match,
placing them into the context of specific metabolic pathways is not always possible
with the gene-centric approach and out of the context of a metabiolic make up of an
individual organism. For example, the citric acid cycle (whose main role is in energy
generation) and the methylcitric acid cycle (whose main role is in propionate utilization) share a number of genes and enzymes in common. The precise differentiation
between the two pathways can only be achieved having the knowledge on an entire
or almost entire gene complement, and in the context of an individual genome.
The problems described above are even more severe when it comes to the analysis and annotation of the shorter reads currently produced by the 454 sequencing
technology (Wommack et al., 2008). In the works published so far, mostly based on
the earlier versions of the 454 technology that produced 100 to 200 bp reads, up to
70 per cent of reads could not be classified (Edwards et al., 2006; Dinsdale et al.,
2008; Brulc et al., 2009; Thurber et al., 2009). Ironically, despite the hype about the
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significantly higher throughput and lower cost of 454 sequencing (compared to the
Sanger-based sequencing), the metagenomic projects employing this technology
tend to produce datasets of relatively small size, deeming the functional profiling and
comparative genomics tasks almost useless exercises when it comes to communities
of high complexity.
How can this situation be improved? One obvious way is to commeasure the sequencing effort with the complexity of the community. Predictions can be easily made
for how much raw sequence is required to obtain good coverage for dominant species
(Kunin et al., 2008). If the goal of the study is to obtain insights into the genomes of
the minor members of the community, creative approaches such as specific enrichment strategies can be applied. Such approaches, guided by a specific goal, should
enable functional insights into the community as a whole or into specific members
of the community, resulting in a more complete and meaningful interpretation of the
sequence data. This in turn will enable a high-resolution biological knowledge that
constitutes functional genomics in a broader sense.
Approaches to functional metagenomics
One of the simple questions typically asked via metagenomics is “Who is there?”.
Phylogenetic profiling via metagenomics is straightforward as the 16S (or 18S) rRNA
genes are easily recognizable and the growing databases of these genes allow for
rather precise phylogenetic assignments (Tringe and Hugenholtz, 2008). The more
difficult question asked via metagenomics is “What are they doing?”. This question
can be approached via the gene-centric analysis as a number of functional genes that
are hallmarks for major biogeochemical processes are well recognizable (Tringe et
al., 2005; Kunin et al., 2008). The most difficult question asked via metagenomics is
“Who is doing what?” as this requires establishing a connection between the function and an organism. The resolution of such knowledge can range from as low as a
phylum level to as high as strain level. Below, a number of exemplary projects that
succeeded in this goal are highlighted. Examples of single species genomes assembled
from metagenomic data are presented in Table 1.
METAGenomics of low complexity communities

The acid main drainage (AMD) community remains the poster child of metagenomics (Tyson et al., 2004). A modest sequencing effort of 76 Mb has been sufficient
for high coverage of the genomes of the dominant species of this low complexity
community. Two main lessons learned from assembling separate genomes from a
communal sequence pool have been the use of relaxed stringency criteria for sequence
alignment, in anticipation of polymorphisms, and the necessity of binning, i.e. assignment of scaffolds to organism types (in this case by the G+C content as well as read
depth). As a result, nearly complete genomes (at 10X coverage) were assembled of a
Leptospirillum group II bacterium and a Ferroplasma group II archaeon. Two other
genomes (Leptospirillum group III and Ferroplasma group I) have been covered at
3X. Reconstruction of the metabolism of these species has provided important insights
into their ecological roles and the function of the community. Both the Leptospirillum
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and the Ferroplasma species appear to possess multiple pathways for carbon fixation, while the Ferroplasma species are also equipped for a heterotrophic life style.
However, none of the major species are predicted to be able to fix nitrogen, suggesting
that a less abundant species, Leptospirillum group III is responsible for this activity.
A detailed reconstruction of putative electron transfer chains in the Leptospirillum
and the Ferroplasma species has revealed markedly different strategies for harnessing
energy from iron oxidation.
Another example of a low complexity, highly specialized community metagenomics
is the analysis of symbionts of a marine oligochaete Olavius algarvensis (Woyke et
al., 2006). In the course of evolution, this worm has lost a mouth, a gut and nephridia,
their functions completely taken over by the four symbiotic bacteria, two gammaproteobacterial types and two deltaproteobacterial types. Nearly complete genomes
of these four symbionts have been recovered in scaffolds as large as 1.6 Mb, via a
sequencing effort of slightly over 200 Mb, allowing for metabolic reconstruction of
each species as well as predicting the specific roles for each bacterium in the syntrophic
elemental cycling providing metabolic energy and biomass that feed the host. Two
species (the gammaproteobacterial strains) were determined to specialize in oxidation of reduced sulphur compounds, while two others (the deltaproteobacterial srains)
were predicted to be sulphate reducers. All four species are equipped for autotrophic
CO2 fixation, two former possessing genes for the Calvin-Benson-Bassham cycle
and the two latter possessing genes for the reductive acetyl-CoA and the reductive
tricarboxylic acid cycles. A suite of metabolic pathways that would enable recycling
of the host waste has been identified, including ammonium and urea uptake and metabolism systems. In addition, systems were identified for degradation of osmolytes
such as taurine, glycine betaine and trimethylamine N-oxide. The nearly complete
genome recovery for the symbionts has also allowed to question whether signatures
of symbiont dependence on the host were present, such as genome size reduction,
loss of essential metabolic pathways etc. None of these have been found, suggesting
that the symbionts of O. algarvensis should be able to survive as free-living bacteria.
Finally, a scenario has been envisioned of how the symbionts switch between different pathways for energy generation while the host migrates between oxic and unoxic
zones in its natural habitat.
In another study, the WGS sequencing approach has been combined with fosmid
walking to obtain a complete genome sequence for an uncultivated marine crenarchaeote, a sponge symbiont (Hallam et al., 2006). Based on the initial 2, 779 fosmid
end reads, fosmids have been selected containing DNA of the dominant ribotype of
Cenarchaeum symbiosum, and eventually 155 of the fosmid inserts have been shotgun
sequenced, to produce a circular genome representing a composite of closely related
but potentially non-identical strains. Metabolic reconstruction revealed important
insights into the metabolic pathways of the symbiont that make it useful for the host,
such as nitrogen metabolism and CO2 assimilation, and also revealed metabolic dependence of the symbiont on the supply of essential amino acids and vitamins. While
the strategy chosen in this project, of fosmid walking, required a smaller sequencing
effort compared to the projects relying on the assembly of shotgun reads, it was a
laborious and time consuming effort, taking over four years.
A termite gut is a habitat for a highly specialized microbial community devoted to
lignocellulose degradation. Warnecke et al. (2007) targeted a community from a hind-
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gut of a wood-feeding ‘higher’ termite in order to obtain insights into the diversity of
genes enabling cellulose and xylan hydrolysis by the bacterial symbionts. While only
a modest sequencing effort was committed (71 Mb) considering the relatively speciesrich community, a gene-centric approach resulted in identification of more than 700
glycoside hydrolase catalytic domains, representing 45 different carbohydrate-active
enzymes. Compositional binning of the assembled sequences allowed assignment of
glycoside hydrolases and other carbohydrate-binding module enzymes to the specific
phylogenetic groups, most prominently to Treponema and to Fibrobacter species. The
knowledge gained from metagenomic sequencing was augmented by the proteomic
analysis that detected some of the most highly expressed hydrolytic enzymes, as well
as by in vitro activity tests.
Enrichment-based metagenomics

Some organisms not available in pure cultures can be enriched in laboratory conditions, or in industrial bioreactors, to reach a relative proportion in mixed population
large enough to warrant high coverage for the respective genome(s) when using the
traditional WGS sequencing approach. One study applied this strategy to sequence,
assemble and annotate the genome of Kuenenia stuttgartiensis, a novel bacterium
representing a functional guild involved in anaerobic ammonium oxidation (anammox),
from a complex bioreactor community. The annamox bacteria were discovered just
over a decade ago and were demonstrated to possess specialized biochemical pathways
enabling anaerobic oxidation of ammonium. While these organisms are known for very
slow growth and none are available in pure culture, their role has been established as
key participants of the global nitrogen cycle, contributing up to 50% to the removal of
fixed nitrogen from oceans. Strous and colleagues (2006) enriched K. stuttgartiensis
in a laboratory reactor in which its population comprised approximately 73% of total
cell counts. A rather massive sequencing effort was applied (192,713 reads, approximately 154 Mb) allowing not only for assembly, but also for closing most of the gaps
in the K. stuttgartiensis genome, resulting in only five contigs, with more than 98%
of the genome captured. Metabolic reconstruction revealed unexpectedly high metabolic versatility of the organism and high degree of functional redundancy. Over 200
genes were identified involved in catabolism and respiration. Metabolic pathways for
ammonium oxidation, electron transfer, energy conservation and carbon metabolism
were reconstructed with great precision, and some were confirmed experimentally.
Most significantly, candidate gene clusters were identified as being responsible for
biological hydrazine metabolism and for ladderane biosynthesis, functions uniquely
connected to annamox. To identify these functions in a novel organism, the availability
of a complete or nearly complete genome was a prerequisite, as these genes could
only be predicted in the context of a specific genome.
A similar approach was used by García Martín and colleagues (2006) to reconstruct
nearly complete genomes of two strains of Candidatus Accumulibacter phosphatis, a
polyphosphate-accumulating bacterium harnessed for inorganic phosphorus removal
in wastewater treatment plants. Sludge samples from two laboratory scale reactors
containing 60 to 80% of A. phosphatis as a proportion of total cell counts were subjected to WGS sequencing, producing 5x and 8x sequence coverage, respectively, for
the two A. phosphatis genomes. Sequence reads were assembled using two alternative
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assembler tools (to compare their performance, not reviewed here), resulting in contigs
as large as 170 kb and scaffolds as large as 3 Mb, covering at least 97% of one of the
genomes. The high quality of this genome allowed for obtaining important insights
into the biochemical details of polyphosphate biosynthesis as well the as details of
other key metabolic pathways. One of the important problems in biologically enhanced
phosphate removal has been the lack of understanding of the sources of reducing power
for polyhydroxyalkanoate synthesis in the anaerobic phase. Based on the genomic
analysis, a novel cytochrome has been proposed to function as a quinol-NAD(P)H
reductase, allowing for anaerobic functioning of the tricarboxylic acid cycle. Despite
previous evidence for denitrifying capability of A. phosphatis, no traditional respiratory
nitrate reductase was encoded, suggesting that a different enzyme may be carrying
out the function. Reconstruction of the complete nitrogen fixation pathway was also a
surprise. Again, only from complete or nearly complete genomic sequence could the
metabolic blueprint be reconstructed with such precision, representing a turning point
in the understanding of the genetics of the process of enhanced biological phosphate
removal. This knowledge opens ways for predicting the efficiency of bioreactors for
phosphorus removal and suggests optimal conditions for their operation.
Another study has demonstrated that, with an adequate sequencing effort, genomes of
minor or at least non-dominant members of the communities could also be sequenced
to completion (Pelletier et al., 2008). The genome of Candidatus Cloacamonas
acidaminovorans that is part of a complex community of industrial anaerobic digesters
has been targeted in order to obtain insights into the physiology and metabolism of
this representative of a candidate division WWE1, with no cultivated members. The
strategy implemented was a massive sequencing effort (1.7 million reads, 1.12 Gb) to
end-sequence 1 million fosmids, followed by an iterative assembly approach (similar
to the one used by Hallam et al., 2006) to reconstruct the entire genome. Indeed the
genomic insights uncovered were worth the effort. Analysis of the genome revealed
low gene density (81%) unusual for bacteria, 40% of genes being unique. The best
matches for the genes in Candidatus C. acidiaminovorans were distributed among
distantly related taxa, including Proteobacteria, Firmicutes and Planctomycetes. Some
of the proteins encoded in the genome were more related to their eukaryotic than their
prokaryotic counterparts. The organism was also predicted to use pyrophosphatedependent enzymes, a relatively rare feature. A deficiency in biosynthesis of 12 amino
acids and several vitamins and cofactors were predicted from the genome, offering
one explanation for this organism not existing in pure culture. No typical respiratory
chains could be predicted from the genome, suggesting that the fermentation metabolism must be responsible for energy production. Overall, the genome of this novel
syntrophic bacterium is an important contribution to the gene pool that determines
the quality of annotation for the newly emerging genomes and metagenomes.
More recently, a community of a production-scale biogas reactor was analyzed using
the 454 pyrosequencing (FLX System) technology, with en average read length of 230
bases, at a 142 Mb sequencing effort (Schlüter et al., 2008). Attempts of assembly
resulted in a large number of contigs over 500 bp, some contigs acceding 10 kb in size
and the largest contig being 31.5 Kb in size. The contig sequences were matched to the
related genomes available in the non-redundant database. This study demonstrated that
de novo assembly from shorter 454 sequences is in principle possible for metagenomic
sequences, at least in cases of relatively low community complexity.
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Bromodeoxyuridine labeling as a means for functional metagenomics

The principle of this approach is in targeting species actively replicating their DNA
in response to the addition of a specific compound, by labeling the newly synthesized
DNA with bromodeoxyuridine (an analogue of thymidine). So far this method was
employed on a large scale only in one project, as an attempt to identify the species
active in utilization of dissolved organic carbon (DOC) in the coastal ocean (Mou at
al, 2008). Dimethylsulphoniopropionate (DMSP) and vanillate were used as model
DOC compounds in microcosm incubations supplemented with bromodeoxyuridine,
followed by pyrosequencing of the DNA captured by immunoprecipitation. However,
in this case, no enrichment was observed for known species involved in degradation
of the target compounds and no key genes involved in this process were found to be
over-represented. From this attempt only, the potential of this method for characterizing natural populations remains uncertain, and further exploration of this approach
is required. Some reasons for this failure are obvious, such as the insufficient sampling
(only 4 to 10 Mb per sample), while others are less clear. It is possible that the efficiency
of the label incorporation is not uniform among different taxa. It is also possible that
label incorporation takes place independently of substrate stimulation, thus the results
obtained represent random sampling rather than selection for functional types.
Targeting functional types via stable isotope probing

One way to directly link a function in the environment to a specific guild performing
this function is to feed the population a substrate of interest, labeled by a heavy isotope,
followed by characterization of the heavy fraction of communal DNA that is enriched
in DNA of microbes that actively metabolized the labeled substrate. This technique
is known as Stable Isotope Probing and it has been effective in identifying microbes
involved in specific biogeochemical transformations such as methylotrophy, phenol
degradation, glucose metabolism etc. (Friedrich 2006). Typically, small amounts of
DNA are isolated from these experiments, and these are used for phylogenetic profiling and detection of key functional genes, after PCR amplification. So far, there is
only one example of scaling this method up to obtain amounts of DNA enabling the
WGS sequencing approach, applied to communities of a freshwater lake sediment
involved in utilization of C1 compounds (methylotrophs; Kalyuzhnaya et al., 2008).
The goal of this targeted metagenomic approach has been two-fold: to reduce the
complexity of the community that has been estimated at approximately 5000 species
and to directly link specific substrate repertoires to functional guilds. Five different
labeled substrates have been employed, methane, methanol, methylamine, formaldehyde and formate, resulting in five ‘functional’ metagenomes (26 to 58 Mb in size).
Community complexity in each microcosm was found to be dramatically reduced
compared to the complexity of non-enriched community. From the present 16S rRNA
genes, the communities shifted toward specific functional guilds that included bona
fide methylotroph species as well as organisms distantly related to cultivated species,
implicating them in methylotrophy. The methylamine microcosm metagenome (37
Mb) was found least complex and it was dominated by a single species, Methylotenera
mobilis represented by a number of closely related strains, while in the non-enriched
community Methylotenera species comprised less than 0.5% of the population. Via
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compositional binning, a nearly complete genome of this novel organism has been
extracted from the metagenome and its metabolism reconstructed, allowing for
genome-wide comparisons with a related species. This so far is the most dramatic
example of assembling a genome of a species that is a minor member of a community.
Thus the method has been dubbed ‘high-resolution metagenomics’. In addition, as
part of this project, complete genomes of novel bacteriophages have been assembled
from the same metagenome and their association with M. mobilis has been proposed,
suggesting a mechanism for a dynamic control of the Methylotenera populations.
Metatranscriptomics

Metatranscriptomics, analysis of community transcripts isolated directly from the
environment or from microcosms in which the community has been disturbed or
manipulated in a certain way, represent the next logical step in the meta- (-omics)
approach. This method should enable reaching beyond the community’s genomic
potential (metagenomic blueprint), and connect more directly the taxonomic make
up of the community to its in situ activity (function), via profiling of (most abundant)
transcripts and correlating them with specific environmental conditions. For largescale metatranscriptomics experiments, the next generation sequencing technologies
are especially attractive as assembly is not a prerequisite for transcript analysis. The
few metatranscriptomic studies published so far (Urich et al., 2008; Frias-Lopez et
al., 2008; Gilbert et al., 2008; Poretsky et al., 2009) have employed the 454 sequencing technology, as this technology produces reads of sufficient length to allow for
functional predictions based on a single read. These reads were then processed in a
gene-centric way. Obviously, all the pitfalls discussed above relating to the analysis
and annotation of short metagenomic reads apply to the short metatranscriptomic
reads. Thus, with few exceptions (for example when a genome of a cultivated species
is well represented in the environment in question and could be used as a scaffold),
only general functional predictions can be made, and in most cases no phylogenetic
assignments can be made for specific functional genes. In addition, biases and limitations specific to the analysis of RNA molecules apply: often times only very small
amounts of the RNA can be isolated, so an amplification step is necessary (Frias-Lopez
et al., 2008; Gilbert et al., 2008). The natural abundance of non-messenger RNA can
be a blessing (if a careful phylogenetic profiling is desired; Urich et al; 2008) or a
curse (if mRNA is the primary target) as efficient separation of mRNA from more
abundant ribosomal and transport RNA remains a problem. Of the potential mRNA
transcripts, typically only one third can be matched to known genes or functional
gene categories while the rest cannot be classified for the lack of any matches in the
databases (orphan proteins). Thus, the resolution provided by direct analysis of short
reads remains very low.
As a proof of a concept, we tested an approach in which environmental transcripts
were matched to a scaffold previously generated for a community from the same
study site. A metagenomic scaffold representing the methylotorph community of
Lake Washington sediment was employed (Kalyuzhnaya et al., 2008), and transcript
sequences from a community sampled from the same study site were generated using the Illumina technology (resulting in ultra-short reads of approximately 40 bp;
unpublished data). The metagenomic scaffold we used is mostly represented by
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contigs of low sequence coverage, reflecting the insufficient sampling that is typical
of metagenomic studies (low-resolution metagenome). However, a small part of the
metagenome, representing a composite genome of Methylotenera species is made up of
contigs of much higher sequence coverage (high-resolution metagenome; Kalyuzhnaya
et al., 2008). We matched the transcripts separately to the low-resolution metagenome
and to the high-resolution metagenome. Only 8% of the almost 25 million Ilumina
reads found targets in the metagenome, reflecting that both the metagenome and the
metatranscriptome must have been significantly under-sampled. When matching the
transcripts against the low-resolution scaffold, we determined that approximately
35% of the metagenome overlapped with the metatranscriptome. However, when
matching was done with the much better sampled Methylotenera scaffold, we found
that over 96% of the composite genome had matches in the metatranscriptome. This
result highlights the necessity of well-covered and more complete genomic scaffolds
from the environments that are interrogated via metatranscriotpmics, to enable highresolution analysis.
Metaproteomics

Metaproteomics, analysis of protein profiles of microbial communities, presents an
even better opportunity to address the function directly, as proteins are the molecules
that ultimately perform the function. However, metaproteomics, even more so than
metatranscriptomics, rely on quality metagenomic data. The large-scale MS/MS-based
metaproteomics approach has been pioneered (Ram et al., 2005) and further perfected
by collaborative efforts between the Banfield and the Hettich groups, establishing the
current state-of-the-art of the field (VerBerkmoes et al., 2009a). The power of this approach was first demonstrated on a community of low complexity (Ram et al., 2005),
an AMD community that was not identical but similar to the community for which
the high quality metagenomic sequence has been previously generated (Tyson et al.,
2004). Despite differences between the sequences of predicted proteins in the dataset
and those in the actual sample, it was possible to match shotgun MS/MS spectra to
peptides, resulting in positive identification of over 2000 proteins that belonged to
the five most abundant members of the community. For the most abundant organism,
Leptospirillum group II, expression of 50% of the proteins was detected by proteomics. Important insights into the respective metabolic contributions of the archaeal
and the bacterial members have been revealed, including identification of a novel
cytochrome that appears to be central to iron oxidation and AMD formation. The
group has now produced over 30 datasets from the AMD system and these have been
employed to establish the relationship between the species abundance in communities
and the efficiency of protein identification, concluding that, while organisms constituting 30-40% of the community can be sampled to saturation by the metaproteomics
approach, the most abundant proteins from members constituting as little as 1% of
the population can also be detected. These results are important for planning future
proteomics projects, including considerations for specific enrichments if members of
low-abundant taxa need to be targeted.
Proteomics has been successfully applied to a community of a higher complexity,
the enhanced biological phosphorous removal (EBPR) community, dominated by a
single species, Candidatus A. phosphatis (Wilmes et al., 2008) similar to the ones
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described by García Martín et al. (2006), so the reference genomes generated in the
latter work have been used as scaffolds for peptide matching, resulting in identification of approximately 2300 proteins, of which approximately 700 have been assigned
to Candidatus A. phosphatis, enabling extensive analysis of the metabolic pathways
central to EBPR.
The most complex metaproteome analyzed to date is the metaproteome of human
feces (VerBerkmoes et al., 2009b). Even with an unmatched metagenomic database
used for protein detection, on the order of 1000 proteins of bacterial origin have been
detected per sample (about 30% of the detected proteins were human proteins), and
their relative abundances have been estimated.
The future of metagenomics
Metagenomics is coming of age but still gaining momentum. This coincides with
rapid improvement of sequencing technologies and with the realization that the next
bottleneck in metagenomics will not be the sequence data production but computation
and data storage. From the experience of the past five years, the power of metagenomics is obvious, while its potential is still waiting to be fully realized. It is now quite
clear that even communities of limited complexity pose major challenges in terms of
genomic exploration, highlighting the necessity of much deeper sampling, and the
need for special assembly and analysis tools. Such improvements are possible and
imminent, given the fast progress in these areas. However, the cost of metagenomic
sequencing to high coverage, even when employing the next generation technologies,
remains a major challenge. The price of sequencing is typically advertised as a perbase cost. However, sequences generated by different technologies require different
depths of coverage. While the Sanger technology has been brought to state of the art
by years of perfecting, producing reads of up to 1 kb with very low error rate, the
454 technology that is predicted to produce reads of similar length in the near future
inherently has a much higher error rate. Thus a higher coverage is required to obtain
data of similar quality. With the yet more per-base cost effective technologies, such as
Illumina or SOLiD, the depth of sequencing needs to be yet much higher (probably 40
to 50 fold) to assure sequence quality. Moving to the next level (in sequencing depth
i.e. sequence quality) is necessary to truly understand how complex microbial communities operate, how they evolve and how they respond to the changing environment.
It is also essential for gene and pathway discovery via metagenomics.
The stage is now set for Gb-scale metagenomic projects, such as sequencing complex
communities to (nearly) saturation. Carrying out such projects will not only test the
performance of the newly emerging computational tools for sequence analysis, but
will ultimately demonstrate whether we can apply the same or similar ‘gold standards’
to metagenomic sequences as to single genome sequences. It will also ultimately test
the predictions of how much sequencing is necessary to enable delineating (via binning and assembly) single-species genomes that are parts of a community gene pool.
Without such ‘saturation’-level metagenomic sequencing experiments, comparative
analyses of communities over time or space will remain of little value, as only (small)
parts of under-sampled communities will be compared to one another. While in the
future carrying out such experiments may become routine, at this time it will likely

348

L. Chistoserdova

require a concerted community effort. A document published by the U.S. National
Academies’ National Research Council (NRC) in 2007, entitled “The new science of
metagenomics: revealing the secrets of our microbial planet” calls for a new Global
Initiative to drive advances in the field of Metagenomics, in a way that the Human
Genome Project advanced the mapping of our genetic code (see again Woese, 1998).
Such an initiative would help move the field of metagenomics to the new level and
toward a brighter future.
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Abstract
Structural proteomics (SP) projects are capable of producing thousands of protein
structures per year by employing semi-automated technologies. It is too early to
assess and evaluate the scientific impact of these protein structures, although SP
initiatives have substantially changed the traditional way of protein characterization.
Many of the methodologies and technologies developed by SP have been adapted
by structural biology laboratories and pharmaceutical companies to lower the costs,
increase the speed and productivity of structure determination pipelines and to enhance
drug discovery programs. The advent of genomic and proteomic technologies have
facilitated rapid advances in our understanding of the molecular details of cellular
function. The purpose of this review is to consider the impact of these technologies
on protein structure analysis and to illustrate how it’s directing the focus of research
relevant to biotechnology.
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Introduction
The universe of possible combinations of the 20 basic amino acids permits virtually
unlimited diversity in proteins. This has been revealed through the large scale human
genome sequencing projects being completed at the end of the last century, representing
the first exquisite genetic blueprint of life (Collins et al., 2003). The massive increase
in genomic information in public databases arising from these genomic projects has
formed the starting point for proteomics research (Cho, 2007). The term proteomics
was coined by Wilkins and Williams as early as 1994 to describe the large-scale characterization of all the proteins of a cell or tissue. Two-dimensional electrophoresis,
mass spectrometry structural proteomics, functional genomics and bioinformatics are
the most important technologies underpinning proteomics (Alterovitz et al., 2006).
SP is a branch of proteomics science -a large scale scientific project involving crossdisciplinary teams seeking to increase the number of protein structures through the
development and implementation of high throughput automated technologies and
novel techniques (Banci et al., 2007; Manjasetty et al., 2008). An integrated approach
has been applied to protein structure determination at the SP centers that have been
established worldwide (Heinemann et al., 2000). The efforts during the first decade of
the 21st century will allow high-throughput protein structure determination to become
a reality (Blow, 2008; Manjasetty et al., 2007). Protein structural information not only
provides the functional inference of the living systems from which they are derived,
but also developments in this area of research have had a major impact on biotechnology (Yakunin et al., 2004). Recently, a knowledge base has been created in order to
take the SP products / process to industry / academia (Berman et al., 2009). Here,
we present an overview of recent developments in high-throughput procedures that
have been adapted to genomic-scale structural analyses via an integrated approach.
All evidence suggests that the pace of these advances will continue to accelerate in
the future.
Protein structure analysis
Protein structure determination relies on very labor-intensive methods and utilizes
expensive equipment for gene cloning, protein expression and purification, crystallization, X-ray diffraction data collection and structure determination, refinement and
validation. Automation of the entire process is critical to achieve the goals and desired
output of structural proteomics.
PROTEIN PRODUCTION

The development of high-throughput cloning, expression and purification systems
has played a central role in SP. Recombinant protein yield and solubility are highly
dependent on the specific protein sequence and the type of vector, host cell and culture
conditions used. High-throughput cloning requires implementing procedures based
on the polymerase chain reaction (PCR). A preliminary step involves the design of
specific gene PCR amplification primers followed by the screening of potential PCRamplified clones to verify that the insert is properly orientated. Sequence analysis
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of positive clones must be performed to confirm that the correct reading frame has
been obtained and that no PCR errors have been introduced. Automated systems are
available for picking, gridding, micro-arraying and sequencing.
To generate expression vector clones, generic cloning systems can be used based on
ligation-independent cloning. This technique has been adapted by several SP centers to
be compatible with E.coli, yeast and Baculovirus-insect cell host systems (Gileadi et
al., 2008; Shrestha et al., 2008). Recently, the ligation-independent cloning In-FusionTM
system from Clontech Laboratories Inc has been developed, which streamlines the
expression cloning process by alleviating the need for restriction digestion of the
PCR fragment, ligation or blunt-end polishing, making it suitable for high-throughput
expression screening applications (Berrow et al., 2007). For SP, high-throughput recombinant protein expression systems are commonly based on E.coli (Stevens, 2000).
Bacterial expression systems are capable of producing high yields of recombinant
protein so that the protein of interest is produced in an enriched form. Additionally,
E.coli protein expression is cheaper and faster than eukaryotic systems. However,
E.coli lacks the cellular machinery for post-translational modifications necessary for
the correct folding and activity of some eukaryotic proteins. Furthermore, the expression of eukaryotic proteins in E.coli can result in aggregation, formation of insoluble
inclusion bodies and degradation. Therefore, E.coli based systems are not always
viable for the expression of eukaryotic proteins including some human proteins. In
such cases, eukaryotic hosts such as yeast and baculovirus-insect cells are employed.
Yeast expression systems (S. cerevisiae and P. pastoris), combine several advantages
of prokaryotic and eukaryotic expression systems: High yields of recombinant protein expression can be achieved and eukaryotic post-translational modifications are
introduced (Prinz et al., 2004). Similarly, the recombinant baculovirus-insect cell
expression system can accomplish most post-translational modifications including
phosphorylation, N- and O-linked glycosylation, acylation, disulphide cross-linking,
oligomeric assembly and subcellular targeting, which may be crucial to ensure the
biological integrity of some human proteins (Albala et al., 2000).
At SP centers, gene constructs are expressed in a synchronous fashion and affinity
tags are employed to facilitate the use of generic purification protocols (Gileadi, et al.,
2008). Tags range from large tags such as Nus A (54 kDa), maltose-binding protein
(MBP; 40 kDa) and glutathione-S-transferase (GST; 26 kDa) to smaller tags such
as the 6xHis tag- the most commonly used tag which allows a generic single step
purification using nickel-NTA affinity column chromatography (Bruel et al., 2000;
Stevens, 2000). More recently, Bio-Rad Laboratories Inc. have launched the Profinity
eXact fusion-tag system which provides a novel alternative to existing affinity tag and
tag removal techniques, utilizing a modified form of subtilisin protease immobilized
onto a chromatographic support to generate tag-free target protein in a single step.
An advantage of in vitro expression systems is the facilitation of selenomethionine
(SeMet) incorporation which can be used for phase determination.
CRYSTALLIZATION

Every protein presents its own crystallization challenge and the growth of protein
crystals is a complex and poorly understood process. Crystal growth occurs when
molecules are brought into a supersaturated state, which is achieved through the slow
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removal of solvent (McPherson, 2004). The growth of the best quality crystals requires
optimization of the experimental conditions. The protein crystallization process is still
largely empirical and initially involves screening a broad range of conditions by adjusting the experimental parameters to identify optimal crystallization conditions to convert
soluble proteins into crystals (Wooh et al., 2003). These can include varying temperature, pH, precipitants, additives, protein concentration, and expression and purification
conditions (Asherie, 2004). In addition, several strategies such as systematic screening
of multiple constructs of the same protein, differently ligated or complex forms of the
target of interest, modification of surface residues, removal of disordered regions and
varying the orthologs, can help to facilitate crystallization (Page, 2008). Each of these
variations represents an individual crystallization experiment, frequently performed in
24- or 96- well plate format. Furthermore, the use of multi-well plates is suitable for
the three most commonly used crystallization techniques: sitting drop, hanging drop
and the microbatch method.
Over the past years, the crystallization process has become heavily automated through
the use of liquid handlers, pipetting instrumentation, drop dispensing and crystallization
robotics (Miyatake et al., 2005). Automation has several key advantages including the
ability to use smaller amounts of protein sample along with the ability to set up each
experiment within minutes. The latest nanolitre robotic liquid dispensing systems are
capable of dispensing very small drops, which reduces the amount of protein required
for screening conditions and hence the overhead on protein production (Walter et al.,
2005).
The traditional seeding techniques such as macroseeding, microseeding and streak
seeding are used in protein crystallization to grow better quality crystals (Bergfors,
2003). A microseed-matrix procedure has been recently robotized (D’Arcy et al., 2007;
Walter et al., 2008) to promote high-throughput crystallization experiments. An alternative mechanism to achieve nucleation is heterogeneous nucleation. The regularity of
the surface of heterogeneous nucleants such as silica or hair can induce crystal growth.
Additionally, the addition of insoluble heterogeneous nucleating agents provides a
simple method to increase the likelihood of crystal formation when using sparse matrix
crystallization screens (Thakur et al., 2007).
A recent development in protein crystallization has been the use of high density
chip-based, microfluidic systems, including Emerald Biosystems Microcapillary Protein Crystallization System (MPCS) (Gerdts et al., 2008) and Fluidigm Corporations
TOPAZ® system (Segelke, 2005), for crystallizing proteins using the free-interface diffusion method at nano-litre scale. MPCS CrystalCards require less than 4 µl of protein
sample to prepare and store approximately 800 individual nanovolume crystallization
experiments, whereas TOPAZ screening chips require only approximately 1.4 µl of
protein solution per 96 reagents.
The other steps of the crystallization pipeline including plate storage at constant
temperature, imaging and data capture of the crystallization drops and data management have also been automated and computerized to increase throughput (Hiraki et al.,
2006; Walter, et al., 2005). Despite the strides made in increasing the number of physical
crystallization trials throughput, the act of finding just a few crystals among potentially
thousands of crystallization experiments still remains a task requiring human input. A
number of attempts are being made to automate the crystal detection from the imaged
drop, and varying degrees of success have been reported (Liu et al., 2008). Automated
crystal recognition has the potential to reduce the time consuming human effort for
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screening crystallization drop images. Protein crystallization has always been largely
trial-and-error, which is why it is sometimes regarded as more of an art than a science.
Some proteins crystallize readily whereas a large proportion of proteins stubbornly
refuse to produce diffraction quality crystals (Chayen et al., 2008).
X-RAY DIFFRACTION DATA COLLECTION

The developments at synchrotron facilities for X-ray diffraction data collection have made
it possible to rapidly collect data with minimum human intervention. The improvements
include unprecedented brightness in the soft and hard X-ray spectral regions at the new
third generation light sources. The tunable canted undulator radiation sources in multiple
sections of the storage ring for macromolecular crystallography work independently. The
experimental end-station includes instrumentation to handle micro-crystals of only a few
microns in dimension, fast-framing active-pixel detectors for diffraction image recording, such as the novel PILATUS hybrid pixel array detector at the Swiss Light Source
(pixel apparatus for the SLS) (Broennimann et al., 2006), automated sample changers,
crystal auto-centering and cryogenic apparatus. Computer protocols have also developed
to ensure that optimal strategies are used for data collection and to extract the maximum
information from the collected data (Bourenkov and Popov, 2006; Popov and Bourenkov,
2003). These bright sources and advanced instrumentation will extend Macromolecular
Crystallography (MX) beamlines into unexplored realms of sample size and experimental
design. Research in all of these areas has been developed and implemented for highthroughput operations at almost all synchrotron sources worldwide.
The use of automated sample changers at synchrotron sources, combined with
sample barcode readers, has facilitated the rapid screening of crystals and data collection. For example, the CATS sample changer at the BESSY-MX beamline BL14.1
(Berlin, Germany) is capable of handling up to 90 frozen samples. Automated sample
exchange at EMBL/ESRF beamlines is coupled with DNA analysis, an expert system
which takes test images of the crystal of interest, autoindexes the images and makes
a strategy prediction based on the Laue class and uses the program BEST (Bourenkov
and Popov, 2006) to suggest the exposure time to be used. It can then collect optimum
data and integrate the resulting data set using MOSFLM (Leslie, 1992). The DNA
project aims to completely automate the collection and processing of X-Ray protein
crystallographic data. It is now possible for users to control data collection remotely
through advancements in end-station control software (Soltis et al., 2008). For example,
MxCube installed on ESRF end stations provides a unified beamline control module
for the MX station and ties together all the operations involved in collecting data for
MX experiments in a single user interface. Several instances of the MxCube interface
can be run simultaneously so that data collection can be controlled remotely from the
home lab. Remote access to synchrotron sources is becoming more common place with,
for example, 50% of users accessing beamlines at the Stanford Synchrotron Radiation
Source (SSRL), USA in this way.
STRUCTURE DETERMINATION METHODS

The central problem in X-ray crystallography is the determination of the phase
problem. The phrase, “the phase problem” is used to highlight the difficulties in de-
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termining reflection phase information from measured intensities. The intensities of
diffracted X-rays can be derived experimentally but their corresponding phase angles
have to be determined indirectly. Experimental phasing of crystal structures relies
on the accurate measurement of two or more sets of reflections from isomorphous
crystals, where the scattering power of a small number of atoms is different for each
set. The techniques of isomorphous replacement, anomalous scattering, molecular
replacement (MR) and anomalous dispersion (SAD and MAD) are commonly used
to solve the phase problem.
Isomorphous replacement requires the introduction of atoms of a high atomic number
(heavy atoms such as mercury, platinum, uranium) into the macromolecule under study
without disrupting its structure or packing in the crystal. Thus, a perfect isomorphous
derivative is one in which the only change between it and the native molecule is the incorporation of one or more heavy atoms. This is commonly done by soaking crystals of
native molecules in a solution containing the desired heavy atom. The binding of these
atoms to functional groups in the macromolecules is facilitated by the presence of large
solvent channels in protein and nucleic acid crystals into which these functional groups
protrude. The addition of one or two more heavy atoms to a macromolecule introduces
differences in the diffraction pattern of the derivative relative to that of the native. If this
addition is truly isomorphous, these differences will represent the contribution from the
heavy atoms only; thus, the problem of determining atomic positions is initially reduced
to locating the position of a few atoms. Once the positions of these atoms have been accurately determined, they are used to calculate a set of phases for data measured from
the native crystals. Although, theoretically, one needs only two isomorphous derivatives
to determine the three-dimensional structure of biological macromolecules, in practice
more than two are usually necessary owing to errors in data measurement and scaling,
and lack of isomorphism.
If the protein contains anomalously scattering atoms, the difference in intensity between the Bijvoet pairs can be exploited for protein phase angle determination. In the
multiple-wavelength anomalous dispersion method (MAD) the wavelength dependence
of the anomalous scattering is used. The principle of this method is rather old, but it was
the introduction of the tunable synchrotron radiation sources that made it a technically
feasible method for protein structure determination. Hendrickson and colleagues (Hendrickson et al., 1988; Murthy et al., 1988) were the first to take advantage of this method
for protein structure determination. Of course, the protein must contain an element that
gives a sufficiently strong anomalous signal. Therefore, the elements in the upper rows of
the periodic table are not suitable. Hendrickson showed that the presence of one Selenium
atom (Se; atomic number 34) in a protein of not more than 150 amino acid residues is
sufficient for a successful application of MAD (Hendrickson et al., 1990) providing the
data are of sufficient quality. With more Se atoms, the size of the protein can, of course,
be larger. One way to introduce Se into protein is by growing a methionine-auxotroph
microorganism in the presence of Se-methionine rather than methionine.
The main advantage of MAD versus MIR is that for MAD, all data sets are collected
from the same crystal. Thus, there are no problems with non-isomorphism. A disadvantage is that a very stable and energy-tunable source of radiation is required, typically at
a synchrotron site. Another disadvantage is that a number of diffraction data sets have to
be collected from one crystal, which runs the risk that the onset of radiation damage may
introduce problems with non-isomorphism.
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In recent years, great progress has been made in improving the interpretation of poor
quality electron density maps. In addition to improvements in refinement procedures for
the parameters of anomalous scatterers, solvent flattening and histogram matching as well
as statistical density modification algorithms have become more powerful. A few years ago,
Rice et al., analyzed 18 MAD datasets and concluded that data collection at one wavelength
would have been sufficient in most cases to resolve the phase ambiguity when combined
with density modification (Rice et al., 2000). The method called SAD (Single-wavelength
Anomalous Diffraction) was originally demonstrated by Wang (1985). Data for SAD is
usually collected so that it is highly redundant in order to reduce random variation due
to the usual errors associated with data collection; as the anomalous signal is usually of
the order of a few percent, accurate measurements are prerequisite to success. However,
radiation damage at third generation synchrotron sources is a major factor in the lifetime
of crystals and it has been noted that this effect may become dominant after rather short
periods of exposure (Ravelli and Garman, 2006). The usable signal deteriorates rapidly after
high exposures and this effect becomes dominant over increased redundancy in phasing
trails in the experiment. The significant isomorphic variation of the diffracted intensities
is induced by X-ray irradiation. These intensity changes also allow the crystal structure
to be solved by the radiation-damage-induced phasing (RIP) technique. Furthermore, the
use of modern approaches to phasing such as fast halide soaks allow structures to be determined more rapidly than traditional techniques. Recently, it has been demonstrated that
ultraviolet radiation can be used to induce intensity differences in protein crystals that can
be used to obtain phase information, a technique known as UV-RIP (ultraviolet radiation
damage-induced phasing). The feasibility of this method for phasing of macromolecules
and their complexes has been successfully demonstrated by Raimond Ravelli and coworkers (Nanao and Ravelli, 2006). The structural changes induced under UV irradiation are
more specific compared to those from X-rays and allowed an elegant phasing scheme to
be worked out leading to precise experimental phase information (Rudino-Pinera et al.,
2007; Schonfeld et al., 2008).
The sulphur SAD phasing method in macromolecular crystallography (Dauter,
2002) uses anomalous scattering from substructures containing heavier elements such
as S, P or Cl present in the crystals. This method has an advantage over other phasing
methods such as MAD and isomorphous replacement in that it can be used when
neither a Se-Met nor a heavy atom is present in the crystal. Generally, the anomalous
signal of sulfur atoms in a protein crystal is so weak that it requires accurate, high
quality and highly redundant data collection at longer wavelength for phasing to be
successful (Mueller-Dieckmann et al., 2007).
The molecular replacement (MR) method (Long et al., 2008) makes use of a known
three-dimensional structure as a suitable starting model to provide phase angles for
the observed structure factor amplitudes from the unknown structure. When a family
of homologous structures is available, it is often preferable to calculate an “average
structure” for use as a starting model. Quite often, if the relative positions of the copies
are not known, the presence of more than one copy of the unknown structure in the
asymmetric unit can complicate the search. In such cases, the phase determination can
be facilitated through the use of an oligomeric search model. Placement of the molecule
in the target unit cell requires six parameters: 3 rotational and 3 translational parameters.
More recently, software aimed at automatically assembling the set of “best” models
for MR has been developed. Examples are MrBUMP (Keegen & Winn, 2007) and
BALBES (Long et al., 2008).
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AUTOMATED COMPUTER PROGRAMS

Crystal structure determination by isomorphous replacement and anomalous scattering
techniques is a multi-step process where each step from substructure determination
to model building, refinement and validation, requires certain decisions to be made.
These decisions dictate the choice of the crystallographic computer programs that
are most suitable to perform the specific tasks and the optimal input parameters for
each of these programs. The important parameters include the space group of the
crystal, the number of molecules in the asymmetric unit, the type of the heavy atom
derivative, the extent of derivatisation, the diffraction limit of both the native and the
derivatised crystal and the quality of the collected diffraction data. After the collection
of the X-ray data (of native and/or derivative crystals), existing and well established
crystallographic computer programs for X-ray data processing and scaling, for solving
the substructure, for the refinement of heavy atoms, phase calculation, density modification, phase extension, non-crystallographic symmetry (NCS) averaging (if more
than one molecule is present in the asymmetric unit) are normally relied upon in order
to progress to an interpretable electron density map. The interpretability of the map
depends to a large extent on the success of the preceding steps and is generally limited
by the resolution of the data and the quality of the phase information. Traditionally,
each of the steps described above are carried out by an experienced crystallographer
capable of finding a successful structure determination pathway.
High-throughput X-ray structure determination requires software that is automated
and designed for minimum user intervention. For example, Auto-Rickshaw, an automated crystal structure determination pipeline (Panjikar et al., 2005), provides a number
of phasing protocols ranging from experimental phasing, molecular replacement and
a combination of both techniques. The pipeline invokes a variety of macromolecular
crystallographic program packages during the structure determination process using
its machine learning and automatic crystallographic decision making process for the
analysis. The pipeline produces partial or complete models in a short time, once a
minimal set of input parameters and scaled intensity data are provided by the user.
The invoked crystallographic packages are the CCP4 suite of crystallographic programs, SHARP, SHELX, OASIS, BP3, SOLVE/RESOLVE, CNS, ARP/wARP and the
Uppsala software factory. The pipeline is largely being used for the quick validation of
X-ray diffraction experiments at synchrotron sources including the EMBL-Hamburg
beamline (Brzezinski et al., 2007; Yu et al., 2006). The system is available as a web
server (http://www.embl-hamburg.de/Auto-Rickshaw) and, since April 2008, it has
been available to the worldwide crystallographic community to aid efforts in structure
determination, quick X-ray data evaluation and optimization of data collection.
There has also been considerable development in programs by various authors with
different goals and degrees of built-in automation, such as SOLVE/RESOLVE (Terwilliger, 2000; Terwilliger and Berendzen, 1999), AUTOSHARP/SHARP (Vonrhein
et al., 2007), BnP (Weeks et al., 2005) and HKL2MAP (Pape and Schneider, 2004)
that automatically locate heavy atom sites/anomalous scatterers and generate a phase
set, speeding up the whole process of structure determination.
More recently, automated systems for structure determination have been developed
that combine different crystallographic computer programs to build a crystal structure
determination pipeline. Examples include ACrS (Brunzelle et al., 2003), ELVES (Holton
and Alber, 2004), CRANK (Ness et al., 2004) and PHENIX (Python-based hierarchical
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environment for integrated Xtallography) (Adams et al., 2004). Most of these systems
require sufficiently high resolution X-ray data and reasonable phase information, mainly
because the model building step is based on either the program package ARP/wARP
(Langer et al., 2008; Morris et al., 2004; Perrakis et al., 1999), RESOLVE (Terwilliger,
2000) or BUCANEER (Cowtan, 2006). The Bucaneer software for automated model
building has new algorithms for the interpretation of electron density maps and automated model building, which enables protein models to be rapidly constructed without
the need for user intervention, further simplifying and streamlining the whole process.
At present, the success rates for these programs are limited by the resolution of the
data set (typically, the resolution must exceed 2.5 Å to build an entire model successfully). The program COOT (Emsley and Cowtan, 2004) can be used for manual model
building, model completion and validation when automated procedures fail to produce
a complete model. COOT displays maps and models and allows model manipulations
such as idealization, real space refinement, manual rotation/translation, rigid-body fitting, ligand searching, solvation, mutations and rotamer fitting.
STRUCTURE TO FUNCTION

Determining the biological function of the protein from the protein structure is the
ultimate goal of SP projects. The protein function may be described at several different
levels by combining structural, biochemical and biophysical data. For instance, the
cellular function may depend on its temporal and spatial expression in the cell; the
molecular function of an enzyme depends entirely on its specificity and the reaction
it catalyses and the physiological function on the organ in which the expressing cells
are found (van Helden et al., 2000). The structure-based identification of functional
elements through bioinformatics tools with the help of powerful computer systems
is the first step towards the prediction of function. Hypothetical proteins identified
as targets for structure determination bear little or no sequence similarity to known
three-dimensional protein structures and sequences, and therefore have a high likelihood of adopting a novel fold.
If a solved target has no sequence similarity and no structural resemblance to any
of the 3D structures available in the protein data bank (PDB), the bioinformatics approach to evaluate protein function will fail. In such cases, site-directed mutagenesis
or chemical modification of specific residues can be performed to identify key residues
critical for binding or catalysis.
If the structure of such a target bares a strong similarity to an already known protein
fold, then the alignment of the structures can be used to identify evolutionary conserved residues important for enzymatic function. A number of software tools exist for
protein structure and sequence analysis such as the ProFunc(Laskowski et al., 2005)
and ProTarget (Sasson and Linial, 2005) servers, which perform automated protein
functional annotation using the solved structures. More exciting novel methodologies
for assigning protein functions computationally have recently been developed by SP
centers (Watson et al, 2007; Song et al, 2007; Hermann et al, 2007). A wiki, named,
The Open Protein Structure Annotation Network (TOPSAN) is designed to collect,
share and distribute information about protein three-dimensional structures and to
provide knowledge about the functions and roles of these proteins in their respective
organisms (http://proteins.burnham.org/).
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Biotechnological implications
With the advent of the post-genomic age, life science research has evolved from
genomics to proteomics. In general, the start up of structural proteomics projects has
had a profound impact on structural biology research programs (Kambach, 2007). The
high-throughput methods and technologies developed by the SP projects are focused on
what proteins look like. In contrast, structural biologists who utilize these technologies
are focused on how proteins work. Solving novel protein structures is regarded as an
important analytical tool to complement general biochemical research. Appreciation of
the value and power of the techniques available today at SP centers is enormous. The
availability of SP technologies developed at the specialized centers and the utilization
of the SP results promotes cost effective approaches to cover protein fold space. The
ultimate goal of structural proteomics is to determine the structure of all proteins in
a cell or organism. SP approaches have led to several thousands of protein structures
being determined and deposited into the protein data bank (PDB).
SP projects have solved some 6000 novel protein structures to date with the present
rate being approximately 1000 structures per year. SP centers per structure contribution to novel leverage was over 4-fold higher than that for non-SP structural biology
efforts during the past 8 years (Nair et al., 2009). These structures can be useful for
many purposes although it may still be too early to assess the full importance and
impact of these structures. In many cases, SP structures have already proven their
value in the broad scientific community.
The protein structures from SP centers can be used to determine the structure of novel
proteins using molecular replacement. Most SP structures are from bacterial proteins
which are relatively easy to purify and crystallize. Eukaryotic protein structures on
the other hand, particularly those from human, can be much more difficult to solve.
Their bacterial counterparts can sometimes be used to phase the human homolog. For
example, the X-ray structure of homo sapiens protein FLJ36880 (PDB ID 1SAW) was
solved by molecular replacement using a homology model generated by PDB codes
1NR9 and 1GTT (SP structures). A search of the PDB reveals that several hundreds of
SP structures have already been used as homologous probe structures by international
investigators to solve novel structures.
SP structures can be used to generate homology models of entire protein families
using bioinformatics computational tools and these structural models can be used
to understand the functions of these proteins without the need for experimental 3D
structures.
SP structures are important for the functional analysis of proteins annotated as
hypothetical proteins or with vague functions. For example, the structure-function
relationship of the SP protein structure, E. coli arabinose isomerase, ECAI (solved at
NYSGRC; PDB codes 2AJT and 2HXG) revealed its application in tagatose (a new
sweetener) production. The crystal structure of ECAI forms a basis for identifying
molecular determinants responsible for isomerization of arabinose to ribulose in vivo
and galactose to tagatose in vitro. Another SP structure, ybeY, (solved at NYSGRC),
through its sequence similarity to a number of predicted metal-dependent hydrolases,
provides a structural and functional description for this protein family. The function of
many of these novel SP structures remains unclear and provides the potential for further
functional investigations through bioinformatics and proteomics approaches.
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The knowledge of accurate three-dimensional protein structures is a pre-requisite for
rational drug design. SP has had a substantial impact on the drug discovery pipeline
and has expanded our understanding of the molecular processes governing human
diseases at the atomic level (Lundstrom, 2007; Tari et al., 2005). Recent advances
in SP technologies have increased the wealth of protein structures available. Further
functional studies will aid in the development of effective therapeutics and small
molecule inhibitors against life-threatening illnesses and diseases. High-throughput
screening has increased the sophistication to prepare protein–drug complexes. Automated robotic crystallization, the remote access to synchrotron facilities from the
home institution, and advances in computational facilities have helped to increase the
speed in lead identification and ultimately, provide more detailed information on their
interactions to focus medicinal chemistry efforts. In recent years, the use of 3D protein
structural information in drug discovery research has matured and has been applied
at all levels, ranging from target identification by utilizing combinatorial chemistry
to the design of suitable drug candidates.
SP projects have significantly increased the number of high-resolution human
protein structures and these structures have been used to understand human diseases
and to develop selective inhibitors for drug discovery. For example, the SP structure
isocitrate lyase, a persistence factor of Mycobacterium tuberculosis (Sharma et al.,
2000) has been extensively studied by biomedical scientists and has facilitated the
development of glyoxylate cycle inhibitors as new drugs for the treatment of tuberculosis (Munoz-Elias and McKinney, 2005; Purohit et al., 2007). Recent findings
are likely to stimulate a number of follow-up studies and facilitate the identification of macrophage receptors and signal transduction pathways targeted for immunomodulation by pathogenic mycobacteria (Ehrt and Schnappinger, 2007). The
joint Canadian-British-Swedish Structural Genomics Consortium (SGC) operates
three SP centers focused on human proteins of medical importance. The structure of
phytanoyl-CoA hydoxylase provides the basis for further understanding the major
molecular cause of Refsum disease, a peroxisomal disorder with severe neurological
symptoms (McDonough et al., 2005). With regard to the protein kinase domain, SP
has contributed >50% of all novel kinases structures during the past three years and
determined more than 30 novel catalytic domain structures(Marsden and Knapp,
2008). The crystal structures of farnesyl diphosphate synthase (FDPS) complexed
with nitrogen-containing bisphosphonates currently used for osteoporosis therapy allowed a molecular mechanism of action to be postulated for drug discovery (Kavanagh
et al., 2006). Structural proteomics data of protein families combined with virtual
ligand screening and discovery, pocket identification and compound optimization
holds particular promise for advancing early stage discovery programs(Nicola and
Abagyan, 2009; Weigelt et al., 2008). The availability of technologies for genomics,
proteomics, structural genomics, transcriptomics, and high-throughput screening for
identification of targeted drugs which were almost unimaginable only a few years
ago (Kornek and Selzer, 2009).
For over a century, chemists have developed the ability to control the arrangement
of small numbers of atoms inside molecules, leading to revolutions in drug design,
plastics, and numerous other areas. Nanotechnology encompasses research and development in the scale of 0.1 to 100 nanometers to create unique structures, devices
and systems. Many existing technologies depend critically on processes that take
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place on the nanometer scale. In a cell, molecules are often organized into functional
aggregates, normally with nanometer dimensions. Visualizing and studying these
structures-especially as they change dynamically during cycles of function-is one
of the key challenges posed to nanobioscience. Information generated by structural
proteomics (X-ray crystallography) coupled with molecular simulations has begun to
clarify the dynamics of these nanostructures, aiding the design of novel nanobiomachines for medical applications (Moghimi et al, 2005; Baumgaertner 2008). Combining
the static snapshot structures of the ribosome (Ramkrishnan, 2002; Tajkhorshid et
al, 2002) with the ribosome simulations has helped to elucidate a crucial molecular
mechanism for gene expression, but has also opened the door for simulations of other
large molecular machines important for gene expression and drug design (Sanbonmatsu et al, 2005).
Many crucially important processes in biology involve the translocation of a nanobiosystem through nanometer-scale pores, such as the translocation of DNA and RNA
across nuclear pores and protein transport through membrane channels (Baumgaertner
2008). The study of interactions between nanomaterials such as Carbon Nanotubes
(CNTs) and cellular components, such as membranes and biomolecules, is fundamental for the rational design of nanodevices interfacing with biological systems
(Yeh and Hummer, 2004; Zimmerli and Koumoutsakos, 2008). For instance, some
pathogenic bacteria have a complex injection device (syringe-like nano-organelle)
comprising many proteins. This molecular syringe has to be attached across two
membranes so that proteins can be transferred from the bacterial cells into human
cells. In particular, these syringes can be used to deliver toxins into infected cells.
Numerous pathogens cause disease, for example, Salmonella; Yersinia and Intestinal
E.coli, are both equipped with this nano-organelle. This bacterial syringe represents
an excellent potential target for drugs to combat these diseases. In order to understand
the function of the syringe, structural knowledge of the many proteins comprising
the syringe is required. SP technologies provide the basis to bring about a revolution
in the design of drug delivery systems that are small and smart, by understanding
structure function relationships of bacterial syringes.
In living organisms, proteins function when they bind to their partners in a specific
way in a short physiological timescale. The experimental structure determination of
protein complexes is more difficult than that of individual proteins. For example, very
little is known about the process of DNA replication in eukaryote cells – cells that have
their genetic information contained in a nucleus – which is performed by the complex
molecular machine called the replisome. To understand this process at the molecular
level requires the protein structure of the entire replisome to be determined, which
comprises some 30-40 proteins. Advances in SP technologies allow the structures of
the individual components of macromolecular nanomachines like the replisome to be
determined (Warren et al, 2008) which enable models describing the macromolecular
systems to be built. Biologists have realized the impracticality of trying to successfully
predict complex molecular mechanisms using intuition.
Accordingly, biologists are now seeking computational methodologies and tools as
research kits for structural modeling of complexes of their choice (Vakser and Kundrotas,
2008). Protein complex models obtained by such approaches can be further refined using low-resolution structural data obtained from electron microscopy (EM), small angle
X-ray scattering (SAXS) and hydrodynamic studies, which provide further evidence of
how proteins within the complexes associate to perform their biological functions.
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Conclusion
The collection of complete large-scale sequence mapping of many cellular organisms
has resulted in biology suddenly being flooded with genome-based data. Researchers are attempting to develop new technologies to investigate new kinds of questions
about the complex nature of living cells. Structural proteomics follows an integrated
approach to mass protein structure analysis and represents the most efficient and powerful method for acquiring atomic-level structural information for individual proteins
as well as multi-protein complexes. More importantly, SP technologies are trying to
decipher biological function of novel proteins using sequence-structural similarity to
known proteins- however, this technology is limited to predicting the cellular function
of a given protein. In general, the biological view of where SP is impacting biology,
particularly in the areas of biotechnology, nanosciences and drug discovery, is marvelous. Furthermore, the advances in SP technologies give a glimpse of the dramatic
impact that SP is likely to have on all fields of biological sciences in the future.
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Abstract
The European Commission has defined the Knowledge-Based Bio-Economy (KBBE)
as the process of transforming life science knowledge into new, sustainable, eco-efficient and competitive products. The term “Bio-Economy” encompasses all industries
and economic sectors that produce, manage and otherwise exploit biological resources
and related services. Over the last decades biotechnologies have led to innovations in
many agricultural, industrial, medical sectors and societal activities. Biotechnology
will continue to be a major contributor to the Bio-Economy, playing an essential role
in support of economic growth, employment, energy supply and a new generation
Disclaimer: This publication expresses the views of the authors and should not be regarded as a statement of the official position of the European Commission or of its Directorate General for Research.
* To whom correspondence may be addressed (alfredo.aguilar-romanillos@ec.europa.eu)

Abbreviations: AG: Advisory Group, CWG: Collaborative Working Groups, EC: European Community,
EC-US TF: European Community – United States Task Force on Biotechnology Research; EP: European
Parliament, ERA-NET: European Research Area – Network, ETP: European Technology Platform, EU:
European Union, FP: Framework Programme; KBBE: Knowledge-Based Bio-Economy, LMI: Lead market
Initiative, R&D: Research and Development, SCAR: Standing Committee for Agriculture Research, WP:
Workprogramme.

372

A. Aguilar et al.

of bio-products, and to maintain the standard of living. The paper reviews some of
the main biotechnology-related research activities at European level. Beyond the 7th
Framework Program for Research and Technological Development (FP7), several
initiatives have been launched to better integrate FP7 with European national research
activities, promote public-private partnerships and create better market and regulatory
environments for stimulating innovation.
Introduction: FP7 - the EU Instrument for Research
FP7 is the short name for the Seventh Framework Programme for Research, Technological Development and Demonstration Activities (European Union 2006). This is
the EU’s main instrument for funding research in Europe and it will run from 2007 to
2013. Based on a co-decision procedure between the Council of European Research
Ministers and the European Parliament, FP7 has a total budget of EUR50.5 billion,
representing an average 40% increase from FP6.
FP7 is made up of 4 main blocks of activities forming 4 specific programmes,
namely: Cooperation - Collaborative Research; Ideas – European Research Council;
People – Human Potential, Marie Curie actions; and Capacities – Research capacities.
In this article we will focus, almost exclusively on the Cooperation – Collaborative
programme. The reader is invited to consult the CORDIS web site where updated
and more specific information on any of the activities related to FP7 can be found
(See References).
The “Cooperation” programme, with a total budget of EUR32.4 billion, consists
of 10 thematic areas, corresponding to major fields in science and research. Under
the Cooperation programme, research activities are supported that address European
social, economic, environmental, public health and industrial challenges, serve the
public good and support developing countries.
The FP7 Food, Agriculture AND FISHERIES and Biotechnology Theme

Complementary to several of the 10 FP7 cooperation themes (e.g. health, nanotechnologies) that provide significant support to biotechnology, the theme Food,
Agriculture and Fisheries, and Biotechnology has the clear objective of building a
European knowledge-based bio-economy by bringing together science, industry and
other relevant stakeholders. The term “Bio-economy” includes all industries and
economic sectors that produce, manage and otherwise exploit biological resources
(such as agriculture, forestry, fisheries and other bio-resource industries) and related
services (supply and consumer industries).
With a budget of EUR1.9 billion (2007-2013), it aims at mobilizing new and emerging research opportunities that address social, environmental and economic challenges:
the growing demand for safer, healthier, higher quality food and for sustainable use
and production of renewable bio-resources; the increasing risk of epizootic and
zoonotic diseases and food related disorders; threats to the sustainability and security
of agricultural, aquaculture and fisheries production; and the increasing demand for
high quality food, taking into account animal welfare and rural and coastal contexts
and response to specific dietary needs of consumers.
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The advancement of knowledge in the sustainable management, production and
use of biological resources (microbial, plant and animal) provides the basis for safer,
eco-efficient and competitive products and services for agriculture, fisheries, feed,
food, health, forest-based and related industries. Important contributions to the implementation of existing and prospective policies and regulations in the area of public,
animal and plant health and consumer protection are anticipated. New renewable
energy sources are supported under the concept of a European knowledge-based bioeconomy. Rural and coastal development is addressed by boosting local economies
whilst preserving our heritage and variety of cultures. Research is also carried out on
the safety of food and feed chains, diet-related diseases, consumer food choices and
the impact of food and nutrition on health.
The approach is to maximise what is known as European Added Value by bringing
together all relevant actors (appropriate research disciplines and industrial sectors,
farmers, forest owners, consumers, etc.) and by supporting: (i) research which goes
beyond national or bi-national interest such as the optimal management of open sea
fisheries, animal and plant diseases, and prevention of diet-related disease; (ii) global
issues such as climate change and agriculture, food and health (e.g. obesity); (iii)
European policies e.g. Common Agriculture Policy, Health and Consumer Protection
and Renewed Sustainable Development Strategy; (iv) a critical mass achieved through
multilateral collaboration; (v) variety and diversity in Europe such as the understanding
of food habits and attitudes; (vi) common EU research policy in issues such as IPR,
communication, and public-private cooperation, and SME participation.
The creation of a European Bio-Economy is expected to open the way for innovations
and competitiveness by developing new, sustainable, safer, affordable, eco-efficient
products. These objectives underpins the Lisbon strategy and are fully in line with the
European strategy on life sciences and biotechnology (European Commission, 2002,
2007a). It is specifically expected to promote the competitiveness of European agriculture and biotechnology, seed , forestry , fisheries and food companies and in particular
high-tech SMEs, while improving social welfare and well-being, reducing environmental
footprints , and supporting EU policies. The Programme Food, Agriculture and Biotechnology is being implemented through periodical annual call for proposals, in which,
consortia comprising research institutions from different European and other countries
(universities, research institutes, SME, industries, etc.) are invited to submit proposals
to be evaluated following independent peer-review assessments. Table 1 summarizes
the call for proposals so far launched in FP7. An interim catalogue of the 27 projects
selected in the Biotechnology areas (Novel Sources of Biomass and Bioproducts;
Marine and Fresh-water Biotechnology; Industrial Biotechnology; Biorefinery; Environmental Biotechnology and Novel Trends in Biotechnology) in the 2007-2008 calls
is available from the authors and at the CORDIS website. This interim catalogue lists
the approximately 335 institutions participating in the projects and it will be regularly
updated incorporating new projects from successive calls.
International scientific cooperation
Science and technological development have always been an international endeavour,
but increasing global challenges such as intensified economic globalisation, the rise
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of new global players and the provision of global public goods (food security, health
threats, climate change, and energy security) reinforce the case for a new approach to
international cooperation in science and technology from a European perspective.
The need for critical mass and large-scale infrastructure for advancing research in
many areas increasingly call for strong international partnerships. European research
institutes seek to learn and benefit from good practice in research and innovation links
elsewhere in the world. Researchers and students, both in Europe and the rest of the
World are looking beyond training opportunities in European countries and the USA,
seeking world-class centres of learning and research.
FP7 places new emphasis on international research cooperation which is increasingly seen as being at the centre of Community policies. There are significant opportunities for the EU to put its scientific and technological expertise to the forefront in
meeting its political, social, economic and humanitarian commitments in sustainable
development fields ranging from global climate change, food security and biodiversity to fulfilling the Millennium Development Goals. S&T may also play a role in
the implementation of international agreements where the EU is a party, such as on
biodiversity and climate change.
In December 2008, the European Council has called the Member States and the
Commission to form a European Partnership in the field of international scientific and
technological cooperation with the view to developing better coherence and synergies
between the various international scientific and technological cooperation activities
carried out in Europe by Member States and the European Community. A Strategic
Forum for International Cooperation has been since put in place. (European Commission, 2008a; Council of the European Union, 2009)
International cooperation in FP7

The new approach to international cooperation in FP7 aims to rise to these challenges
by way of innovative mechanisms for promoting international research collaboration.
It aims to address three interdependent objectives: (i) supporting European scientific
and economic development through strategic partnerships with third countries in
selected fields of science and by engaging the best third country scientists to work in
and with Europe; (ii) facilitating contacts with partners in third countries with the aim
of providing better access to research carried out elsewhere in the world and (iii) addressing specific problems that third countries face or that have a global character (e.g.
by contributing towards Millennium Development Goals, addressing global climate
change, food security, combating biodiversity loss, water and energy scarcity).
Basic Principles

Three basic principles have been adopted in order to expand the international collaboration:
(i)

Programming: unlike previous RTD framework programmes, FP7 includes
both a broad opening of international research collaboration across the whole
Framework Programme and a programming of specific priorities for third
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countries and regions in different calls for proposals across the thematic work
programmes;

(ii)

Targeting: by defining specific actions for collaboration with third countries
and regions in each of the thematic programmes, FP7 ensures that budgets for
international cooperation are built in at the level of each of the relevant calls for
proposals; and,

(iii) Partnership and Dialogue: the principle of partnership will be a particular focus
of the international cooperation actions for third countries and regions under
FP7.
Examples

Examples of this new approach are: (a) Co-ordinated Calls – implying the co-ordination
of parts of Food, Agriculture and Fisheries, and Biotechnology Calls with simultaneous
Calls from Third countries, on agreed topics and with co-financing of the projects. Two
co-ordinated Calls have been implemented by this Theme, respectively with Russia
in 2008 (2 projects in the area of biotechnology, on industrial enzymes and plantproduced vaccines) and with India in 2009 (2 projects in the area of food, functional
foods and food by-products); (b) Twinning of projects between sets of on-going FP7
projects and similar sets of projects supported by a third country programme. This
has been implemented with Canada, in the areas of bioproducts and food since 2008,
and with Argentina and MERCOSUR in the area of soils, plant and food research in
2009; (c) Cross thematic calls. An example is the call involving several Themes aimed
at addressing specific priorities for third countries and regions, such as the EU-Africa
call for proposals which will mobilize 64 millions of Euros from the Themes Health,
Food, Agriculture and Fisheries, and Biotechnology and Environment towards research
priorities in the areas of health, food and water security which have been identified
jointly between Europe and the African Union.
The strong FP7 international opening also allows for the European Commission
to launch research initiatives on global issues such as animal health, or plant abiotic
resistance. These global initiatives aim to co-ordinate actions among multiple S&T
programme managers world-wide (thus involving national programmes from the EU
and from Third countries as well as from international programmes) in order to jointly
tackle global challenges via multilateral international alliances.
EC-US Task Force on Biotechnology Research

Since 1990, the EC-US Task Force on Biotechnology Research has been coordinating transatlantic efforts to promote research on biotechnology and its applications
for the benefit of society. Established in June 1990 by the European Commission and
the White House Office of Science and Technology, the Task Force has acted as an
effective forum for discussion, for coordination and for developing new ideas on the
future of biotechnology while challenging the scientific communities on both sides
of the Atlantic to expand their thinking beyond specific scientific disciplines.
Through sponsoring workshops, and other activities, the Task Force brings together
scientific leaders and early career researchers from Europe and the United States to
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forecast research challenges and opportunities and to promote better links between
researchers. Over the years, by keeping a focus on the future of science, the Task
Force has played a key role in establishing a diverse range of emerging scientific
fields, including bioinformatics, neuroinformatics, nanobiotechnology, neonatal immunology, synthetic biology, systems biology and applications of biotechnology to
sustainable energy (Aguilar et al, 2008).
In 2009 and 2010, the Task-Force will continue to sponsor several new workshops
on a wide range of trans-disciplinary themes such as virtual tissues, early life programming of obesity, bioinformatics and high throughput technologies which will help
identify research priorities that ought to be addressed through efforts at international
level. Societal issues which have an impact on biotechnology, such as bioethics, the
role of women in science, and public perception of biotechnology have always been
an integrated part of the discussions. In this context the Task Force is organising
in 2009 in San Francisco a workshop on “A Global Look at Women’s Leadership
in Biotechnology Research”. Additional information on the EC-US Task Force on
Biotechnology Research can be found at: http://ec.europa.eu/research/biotechnology/
ec-us/index_en.html.
Coordination with European National Policies and Programmes
In 2000, the EU decided to create the European Research Area (ERA). Such an ERA
should inspire the best talents to enter research careers in Europe, incite industry to
invest more in European research, contributing to the EU objective to devote 3% of
GDP for research, and to the creation of sustainable growth and jobs.
Nine years on, the creation of ERA has become a central pillar of the EU research
policy and a number of specific initiatives as been taken to promote the establishment
of ERA in Food, Agriculture and Fisheries and Biotechnology.
The ERA-Net scheme

More than 90% of the EU’s public-funded research in Food, Agriculture and Fisheries, and Biotechnology is conducted at national or regional level. To overcome the
resultant fragmentation and duplication of efforts across the EU, the Commission
introduced within FP6 the ERA-NET scheme, with the aim of promoting the networking of national or regional research programmes and encouraging the mutual opening
of these programmes. The scheme also enabled national systems to exchange good
practice in programme management and take on tasks collectively that they would
not have been able to take on independently.
Because the intention was to empower the Member States, Associated States and
regions themselves, instead of imposing top-down central control, the ERA-NET
scheme addressed programme owners and managers in national ministries, regional
authorities and funding agencies. Actions undertaken by the ERA-NETs related to
KBBE (out of a total of 71 actions) included mapping of national research activities
and funding, education and training activities, foresight activities, best practices regarding IPR etc. Table 2 outlines the ERA-NETs in the area of the KBBE.
Although the launching of joint calls for transnational research activities was not
specifically foreseen at the start, of the ERA-NET scheme, this approach has been
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adopted with increasing enthusiasm. All the ERA-NETs in the KBBE succeeded in
raising their efforts up to the joint call level. So far, a total budget of EUR309million
of national funds have been committed in these joint calls (ranging from EUR1.7-38
million per call).
In contrast to the FP6 approach, the ERA-NET scheme is no longer seen as a
“bottom-up” action in FP7. Instead, it has become primarily an implementation tool
for strategic areas identified through dialogue with Member States and associated
countries. So far, 4 new ERA-NETs have been launched in FP7 in the area of KBBE
(Table 2).
Table 2. ERA-NETs in the KBBE area (Food, Agriculture and Fisheries and
Biotechnology).
Acronymes
ACENET

Title
Applied Catalysis

ARIMNETMED(FP7)
BIODIVERSA

Web page Links
www.sysmo.net
www.acenet.net
www.arimnet.net/

An ERA-NET in Biodiversity Research
(BiodivERsA)
BIOENERGY
Bioenergy from renewable bio-resources
CORE Organic (Fund. Coordination of European Transnational
Res)
Research in Organic Food and Farming
EMIDA (FP7)
Animal Health

www.eurobiodiversa.org/

ERA-ARD
ERA-IB
ERA-PG
ERASysBio

www.era-ard.org/
www.era-ib.net
www.erapg.org
www.erasysbio.net/

ERATRANS-BIO
(Soc. Sc)
EUPHRESCO
ICT-AGRI (FP7)
MARIFISH
NANOSCI-ERA
RURAGRI(FP7)
SAFEFOODERA

Agricultural Research for Development
Industrial Biotechnology
Plant Genomics
Towards a European Research Area for
Systems Biology A Transnational Funding Initiative to Support
the Convergence of Life
Sciences with Information Technology &
Systems Sciences
EUROpean network of TRANS-national
collaborative RTD for SME’s projects in the
field of BIOtechnology
Coordination of European Phytosanitary
(Statutory Plant Health) Research

Nanosciences

Food Safety - Forming a European platform
for protecting consumers against health risks
WOODWISDOMNET Wood material science

www.eranetbioenergy.net
www.coreorganic.org
www.emida-era.net

www.eurotransbio.net/

www.euphresco.org/
http://ictagri.eu/
www.marifish.net/
www.nanoscienceeurope.org
www.safefoodera.net/
www.woodwisdom.net
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The Standing Committee on Agriculture Research (SCAR)

Complementary to the ERA-NET scheme, other coordination initiatives have emerged
through dialogue with Member States and associated countries in the context of the
Standing Committee on Agriculture Research (SCAR) (European Commission,
2008b). Established in 1974 to provide scientific support to the Community Agriculture policy, SCAR was reactivated in 2005 with a renewed mandate from the EU’s
Agriculture Council of Ministers to play a major role in the coordination of agricultural
research efforts in Europe.
Among its main initiatives, SCAR adopted a structured approach for prioritisation
of research topics for further collaboration, through the establishment of a number
of Member/Associated State Collaborative Working Groups (CWGs). The establishment of CWGs is an alternative, more flexible, mechanism to the ERA-NET scheme
with the objective to increase research collaboration between funders and programme
managers on key-research areas. Since 2005, fourteen CWGs have been set up by the
Member/Associated States engaging voluntarily and on a variable geometry basis in
the definition, development and implementation of common research agendas based
on a common vision on how to address major challenges in the field of agricultural
research. CWGs are working in a similar way to ERA-NETs, following the same
step-by-step approach – focussing on information exchange during the early stages,
the identification of gaps in research and priority areas for collaboration and, where
applicable, they should be aiming for joint activities and/or common research calls.
However, the dynamism of several CWGs in terms of commitment paved the way for
opening ERA-NET opportunities in FP7 so that five CWGs, declared their intention
to submit ERA-NET proposals in the first relevant calls for proposals. ERA-NETs
are also able to re-apply for Commission support to extend and/or reinforce their
integration e.g. by broadening their partnership or increasing the types of collaboration (Table 2).
Network on the Knowledge Based Bio-Economy with the representatives
EU Member States, acceding and candidate countries (KBBE-NET)

Given that not only our traditional competitors, the US and Japan, but also competitors
in the Asia-Pacific region and South America are increasingly investing in life sciences
and biotechnology research, the European Commission recognises the need to increase
our collaboration at EU level. Therefore, the European Commission proposed in its
third Progress Report (European Commission, 2005) on the implementation of the
Life Sciences and Biotechnology Strategy (European Commission 2002, 2007a) the
establishment of a network with EU Member States to help coordinate the development and implementation of a European Research Policy for a Knowledge-Based
Bio-Economy (KBBE) in co-ordination with the Standing Committee on Agricultural
Research (SCAR).
In Spring 2006, a European wide KBBE-NET with high-level officials from Member
States, acceding and candidate countries, was established on the initiative of Commissioner for Science and Research Mr. J. Potonic. Each meeting is organised in
cooperation with the EU presidency.
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The main role of the KBBE-NET is to support the Commission and the Member
States to achieve a coordinated effort in the development and implementation of a
European research policy for a Knowledge Based Bio-Economy. This involves: (i)
Strategic discussion and recommendations for establishing a European Research
Agenda in the long term (FP7, and beyond) which should allow the construction
of a European Knowledge Based Bio-Economy. This work should also contribute
to the midterm review of the EU Life Sciences and Biotechnology Strategy and its
implementation; (ii) Enhancing the exchange of information between Member States
regarding national research policies and mapping of activities including international
cooperation; (iii) Enhancing cooperation between Member States (joint research
programmes, common infrastructures, training programmes, etc.). In the same
manner as SCAR, the KBBE-NET has established Collaborative Working Groups
(CWGs) in order to strengthen coordination among member states in emerging areas
of biotechnology. There are currently two CWGs: on Marine Biotechnology and on
Synthetic Biotechnology.
An Expert Group on Food and Health was established in 2008 to seek independent
expert advice on the development of a long-term strategic approach in the shaping of
national multidisciplinary programmes in the food and health area at the European
level. The Expert group will identify key action lines where Members States can encompass and enhance cross-border themes and disciplines to foster public research
programmes on food and health.
Towards Joint Programming

The recent concept of Joint Programming (European Commission, 2008c) goes a step
further than the ERA-NET scheme and elicits direct cooperation of Member State public
programmes defining common visions, strategic research agendas, and the pooling of
resources to address major societal challenges. All participating public authorities orient
their programmes and funding to contribute in a coherent manner to the implementation
of a joint research agenda. The full tool box of public research instruments (National and
regional research programmes, Intergovernmental research organisations and collaborative schemes, Research infrastructures, Mobility schemes, etc.), should be explored and
used to implement the individual Joint Programming Initiatives.
Some specific major societal problems in Europe linked for example to climate
change, the energy crisis or food supplies would benefit from a critical mass of public
research efforts. This trend was emphasised at the informal Competitiveness Council
meeting on 17-18 July 2008 in Versailles, where food and agriculture were identified
as one of four main challenges facing society today. On this basis, the Council is currently reflecting on this new approach and is in the process of identifying research
sectors suitable for future Joint Programming Initiatives.
Cooperation with Industry
The European Technology Platforms

The European Technology Platforms (ETP) in the area of Food, Agriculture and
Fisheries, and Biotechnology embrace most, if not all, of the industries that produce,
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manage or otherwise make use of biological resources, including wastes. In Europe
alone, they represent a market size of over EUR 1.5 trillion, employing more than
22 million people. The KBBE European Technology Platforms work together in an
innovative multidisciplinary and transdisciplinary approach to scientific research.
The integration among the many disciplines represents a key challenge for the future
and it will contribute to sustainable development in a new ecological and holistic
perspective.
The European Technology Platform (ETP) initiative brings together all interested
stakeholders to develop a long-term vision to boost Europe’s growth, competitiveness
and sustainability. The ETPs address a specific challenge, create a coherent, dynamic
strategy to achieve that vision and steer the implementation of an action plan to deliver
agreed programmes of activities and optimise the benefits for all parties. In fostering
effective public-private partnerships, ETPs also contribute to the development of the
Lisbon strategy and the European Research Area (ERA) of knowledge for growth.
Strategic Research AgendaS

Each ETP develops a Strategic Research Agenda (SRA). The SRA details the common
vision of stakeholders active in the specific sector for the next decade, and includes
recommendations needed to fulfil certain goals. An ETP should, in a medium to long
term perspective, generate sustainable competitiveness and world leadership for the
EU in the field concerned, by stimulating increased and more effective investment
in R&D, accelerating innovation and eliminating the barriers to the deployment and
growth of new technologies.
SRAs have provided valuable input in a number of cases, including the design of the
Food, Agriculture and Fisheries, and Biotechnology theme of the Seventh Framework
Programme (FP7), and they have contributed to the annual Work Programmes in order
to better meet the needs of industry. The ETPs under the area of the Knowledge Based
Bio-Economy chart the future strategic R&D path for key European industries. Their
objective is to cover the entire life cycle of bio-economy products and services, and
enhance European excellence in the KBBE fields.
Open and transparent process

Each ETP is structured according to a set of rules outlining the responsibilities
of proper practices and procedures for new and existing members. Broad-ranging
participation is encouraged, including the involvement of small and medium-sized
enterprises (SMEs), public authorities, civil society organisations, universities, public
research institutions, users and consumers. In support of greater access to information,
communication and transparency, each ETP has a website which contains strategic
documents, forecast activities, past events, and rules for participation.
ETPs can raise overall RTD investment and ensure the consistency of European
efforts in the fields of Food, Agricultural and Fisheries, and Biotechnologies’ research
by sharing a common vision and a consistent strategic framework at EU level for both
RTD funding and deployment initiatives. Table 3 summarises the main features of the
ETPs in the area of the Knowledge-Based Bio-Economy. Further information on the
ETPs is also available on the following websites:
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http://cordis.europa.eu/fp7/kbbe/home_en.html
http://cordis.europa.eu/technology-platforms/individual_en.html
http://ec.europa.eu/research/agriculture/index_en.html
Table 3. European Technology Platforms (ETPs) in the area of the KnowledgeBased Bio-Economy (KBBE).
Name of the ETP
Aquaculture
Biofuels
Food for Life
Forest-Based Sector

Number of
stakeholdersa
30
44
69
4

ETPs website
www.eatip.eu
www.biofuelstp.eu
www.etp.ciaa.eu
www.forestplatform.org
www.ftpdatabase.org
www.ifaheurope.org/euplatform/platform.htm
www.manufuture.org/collective_initiatives.html

Global Animal Health
63
Manufuture (Agricultural
50
Engineering and Technologies)
Plants for the future
15
www.plantetp.org
Sustainable Chemistry
17
www.suschem.org
(Industrial Biotechnology)
www.bio-economy.net
Sustainable Farm Animal
16
www.fabretp.org
Breeding and Reproduction
a
The ETPs are open to all stakeholders, both organisations and individuals. A full list of members
is available on the ETP website (http://cordis.europa.eu/technology-platforms)

Opportunities for research intensive SME’s

Small and medium–sized enterprises (SMEs) with a research focus are the economic
powerhouse behind scientific and technological developments in the food, agriculture and biotechnology sectors. They play a pivotal role in the success of a European
Knowledge-Based Bio-Economy. FP7 aims to strengthen the innovative capacity of
SMEs and their contribution to the development of new technology-based products
and markets. Around 15 % of 1.9 billion EUR allocated to theme Food, Agriculture
and Fisheries and Biotechnology has been targeted to facilitate research conducted by
SMEs. Therefore the programme endeavours to identify topics of particular interest
to SMEs on the principle that inclusion of SMEs should add to the science and/or
technological excellence, and particularly, to increasing the chances for successful
exploitation of results.
Furthermore, in order to create a favourable environment for SMEs, simplified
financial and administrative procedures have been introduced under FP7. The new
SME rules allow funding of up to 75% of total costs for R&D, and for management
and training activities SMEs might receive up to 100% financial support. A guarantee
fund has been set up to cover the financial risks of defaulting project participants, and
strong intellectual property rules provide effective protection with particular attention
to the special needs of SMEs.
To improve access to debt financing, the Risk Sharing Finance Facility (RSFF)
extends the ability of the European Investment Bank to provide loans or guarantees
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for research to companies deemed to be too risky under normal banking practice. In
addition to the activities offered in the Cooperation Programme for research-intensive
SMEs, the Capacities Programme of FP7 has an activity on “Research for the benefit of
SMEs”. The objective is to strengthen the innovative capacity of European SMEs and
their contribution to the development of new technology-based products and markets.
It also aims at bridging the gap between research and innovation by helping SMEs
outsource research, increase their research efforts, extend their networks, better exploit
research results and acquire technological know-how. The programme will help them
outsource research, increase their research efforts, extend their networks, better exploit
research results and acquire technological know-how, bridging the gap between research
and innovation. This activity on less research-intensive SMEs nicely complements the
one on research-intensive ones developed in the theme Food, Agriculture and Fisheries
and Biotechnology. It is worth recalling that SMEs represent 99% of all enterprises in
Europe, they contribute more than two thirds of European GDP and provide 75 million
jobs in the private sector. They are therefore key to the implementation of the renewed
Lisbon strategy for economic growth and employment.
More information on SMEs is available at:
http://cordis.europa.eu/fp7/kbbe/home_en.html
http://cordis.europa.eu/fp7/capacities/research-sme_en.html
Innovation and commercialization
The Lead Market Initiative for Europe

While Europe plays a leading role in science and in fostering science, it seems less
successful in converting science-based findings into commercially and societal valuable innovations. At the same time, markets are increasingly recognised as important
drivers of innovation. More innovation-friendly market framework conditions are
necessary in Europe to reduce the time-to-market of new goods and services and to
enable emerging sectors to grow faster. This is called demand-side policy. As a result,
companies will see a quicker return on their R&D and innovation investment and
public investment in R&D and innovation programmes should attain greater outputs
as measured by, for example, jobs, new-to-market products and patents.
The Lead Market Initiative for Europe will foster the emergence of lead markets
of high economic and societal value. The LMI rests on two main pillars: the six lead
market areas themselves and the implementation of their action plans (policy coordination). A lead market is understood as the market of a product or service in a given
geographical area, where the diffusion process of an internationally successful innovation (technological or non-technological) first took off and is sustained and expanded
through a wide range of different services (European Commission, 2007b).
Six markets have been identified – eHealth, protective textiles, sustainable construction, recycling, bio-based products and renewable energies. These markets are highly
innovative, respond to customers’ needs, have a strong technological and industrial
base in Europe and depend more than other markets on the creation of favourable
framework conditions through public policy measures. For each market a plan of
actions for the next 3-5 years has been formulated.
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The LMI consists of coordinated priority actions in each market area, which should
lower barriers to bring new products or services onto the market. These measures are
described in the action plans. The added-value of the initiative is about developing a
prospective, concerted and tailored approach of regulatory and other policy instruments: legislation, public procurement, standardisation, labelling, certification and
complementary instruments. The LMI is not primarily about funding programmes, but
the EU’s 7th Framework Programme for research and technological development (FP7),
the Competitiveness and Innovation Framework Programme and national and structural
funds may fund activities in support of the LMI.
Public authorities can promote the quick take-up of innovations by implementing a
number of “instruments” or policy initiatives. For example, public organisations could
put measures in place, within the existing legal framework, to procure more innovative
goods and services. Demand-side innovation policy complements supply-side policy
which mainly uses public investment through grants to stimulate innovation in the EU,
in Member States, in regions or cities. The LMI uses a number of demand-side policy
instruments that work in synergy. These instruments are tailored, following extensive
consultations with stakeholders, to bring down barriers for innovative goods and services in six market areas. The result will be to give industry the opportunity to turn these
innovations into world-wide leading products or services in new high-growth markets
(“lead markets”) powered by the EU’s dynamic industry and innovation systems.
Lead market for bio-based products: an innovative use of renewable raw
materials

Bio-based products are made from renewable, biological raw materials such as plants
and trees. The long term growth potential for bio-based products will depend on their
capacity to substitute fossil-based products and to satisfy various end-used requirements at a competitive cost. Europe is well placed in the markets for innovative biobased products, building on a leading technological and industrial position. Perceived
uncertainty about product properties and weak market transparency, however, hinder
the swift take-up of products.
The Commission’s action plan for this Lead market integrates all necessary actions
in a synchronised way in order to favour the innovation of the new products and services (European Commission, 2007c, 2007d). The actions range from improving the
implementation of the present targets for bio-based products through standardisation,
labelling and certification for ensuring quality and consumer information on the new
products, to harnessing purchases by public authorities to demonstrate the way to the
future. Table 4 outlines the Action Plan for this Lead Market Initiative.
European citizens will greatly benefit from reduced dependency on fossil products and
of reduced emission of pollutants, through the wider use of these bio-based products.
In the medium term, additional capacity could also help to reduce the average prices
of goods.
Conclusions
Recognising the great potential for biotechnologies, Europe has, over the past decades,
adopted supporting research programmes and promoted engaged dialogue with all
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Table 4. Action plan for the lead market initiatives on bio-based products.
Policy Instruments Objectives
Legislation
Ensure the coherent,
comprehensive and
coordinated development of
policies and regulations that
impact the development of
bio-based product markets.
Public
Encourage Green Public
procurement
Procurement for bio-based
products.

Standardisation,
labelling,
certification

Aggregate demand for
bio-based products through
a coordinated approach for
standard setting and labelling.

Complementary
actions

Communication of policies
regarding bio-based products
as well as the benefits of biobased products.
Support access to finance for
R&D&I.

Actions
Establish a high-level
advisory group, to assist the
thematic inter-service task
force on bio-based products
in the follow-up of the
present action plan.
Establish a network between
public purchasers of bio
based products to apply the
Commission guide on public
procurement for innovation,
to identify good practices
in the field of bio based
products and promote their
application across the EU.
Member States to consider
developing milestones and
roadmaps for increasing the
use of bio-based products
within National Action
Plans on Green Public
Procurement.
Establish standards/labels for
specific bio-based products
involving all relevant actors.

Conduct an information
campaign via different media
with focus on SMEs.
Promote the establishment
of strategically important
bio-refinery pilot plants and
demonstrators involving all
actors and investments at EU,
national and regional level.

Actors
EC Stakeholders

EC Member
States
Industry

Member
States

EC
CEN
Industry
Other stakeholders
EC

EC
Member
States
Stakeholders

For more extensive information consult: COM(2007)860 final; SEC(2007)1729 and http
://ec.europa.eu/enterprise/policies/innovation/policy/lead-markets-initiative/index-eu.htm

interested parties. More recently, the launch of the European Technology Platforms
has contributed to create shared strategic visions between the main public and private
actors and to mobilize efforts towards agreed goals. Increased coordination of public
research efforts at national and European levels and improved market and regulatory
environments should foster research investment and accelerate innovation.
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FP7 provides the research community with funding certainty over the next few
years. One of the FP7 thematic priorities is dedicated to the strengthening the European knowledge-based bio-economy bringing together science, industry and relevant
stakeholders from Europe and the rest of the world. The conditions are, therefore,
favourable towards the sustainable development and deployment of biotechnologies
as an engine for the knowledge-based bio-economy.
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Abstract
The recent financial meltdown has muted the patent reform debate in the United States.
But given that President Obama, as well as many members of Congress, support
patent reform, we expect the debate to resurface. In this essay, we look carefully at
reports from three prestigious organizations which have been enormously influential
in the debate. We examine the empirical basis contained in these reports upon which
proposed legislative changes are based. We conclude that the empirical data being
used to justify the need for reform either has serious methodological limitations or is
non-existent. Moreover, we review recent court decisions which have already altered
the patent environment calling into further question whether the limited data that exists is still applicable. The effect of these recent decisions has not been adequately
evaluated or assessed. Thus, we recommend other empirical studies are needed to
inform public policy as to whether patent reform is necessary.
Introduction
During the last decade, issues associated with patent reform have ignited the imagination of the public, academics, and Congress. The public is regularly told that the patent
system is dead or broken (McDermontt, 2007), is in the hands of “trolls” (Bulkeley,
2005), supports the proliferation of patents - which reduces innovation (Jeffe and
Lerner, 2004), or results in high costs, which are passed on to the eventual consumer
(Heller and Eisenberg, 1998), etc. There is a huge body of academic literature on
the subject of patent reform, and members of Congress have proposed changes that
would have a dramatic effect on the patent environment.
* To whom correspondence may be addressed (AMH2R@hscmail.mcc.virginia.edu)
Abbreviations: USPTO, United States Patent and Trademark Office; CAFC, United States Court of Appeals
for the Federal Circuit; NIH, National Institutes of Health; TSM, teaching-suggestion-motivation
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The Patent Reform Act of 2007 was introduced in April 2007 (Patent Reform Act of
2007). Among its controversial provisions are: limitation of damages to the economic
value of the improvement associated with the patent; reform of the doctrine of “inequitable conduct;” the imposition of new requirements on patent applicants; and the
initiation of post-grant opposition proceedings. (Other provisions include: first-to-file
rights; provisions to facilitate filing a patent application without inventor cooperation;
venue limitations; authority to the USPTO to create additional regulations.)
The financial meltdown of the past year has distracted members of Congress, and
the bill has been taken off the docket, meaning that it will not be considered any
time soon. But the reform debate continues. Both houses in Congress have recently
introduced patent reform legislation which in many ways mirrors the Patent Reform
Act of 2007 (the new legislation does not address inequitable conduct). If enacted,
the Patent Reform Act of 2009 will have a significant impact on the U.S. patent system and the various industries that rely on it to supply incentives to innovate (Patent
Reform Act of 2009).
Moreover, President Obama has expressed interest in patent reform. For instance,
in both his campaign strategy website and his transition website President Obama
promises to “update and reform our copyright and patent systems to promote civic
discourse, innovation, and investment while ensuring that intellectual property owners
are fairly treated” (Organizing for America) (Change.gov).  	
The patent system supplies many industries the incentives needed to innovate. So
before new measures are adopted, it is important that there is compelling empirical
evidence justifying the need for reform. In this essay, we examine the empirical basis
upon which the proposed legislative changes are based. For reasons described below,
we conclude that the empirical data being used to justify the need for reform either has
serious methodological limitations or is non-existent. Ironically, the limited studies
which do exist, at least in the biotechnology industry, have not found that the patent
system imposes serious impediments to innovation and successful commercialization.
As it stands, it cannot be said, with any degree of certainty, that there are potential
impediments to innovation and successful commercialization.
We begin by providing background material on the three major reports upon which
reform proponents have relied. (Much of what follows is reprinted with permission
from a report which we prepared for the Biotechnology Industry Organization.) (Mills,
Tereskerz, 2008). We then examine the empirical studies relied upon by these reports
to make their recommendations and comment upon the validity of this data. Finally,
we look at recent judicial decisions which may have completely changed the landscape
and bring into question whether the limited data, which do exist, are still applicable.
Moreover, the effect of these recent decisions has not been adequately evaluated or
assessed. Thus, we recommend other empirical studies are needed to inform public
policy as to whether patent reform is necessary.
Background
Supporters of patent reform generally cite three reports from prestigious institutions
to justify their position. They are the Federal Trade Commission’s report, To Promote
Innovation: The Proper Balance of Competition and Patent Law and Policy, (hereafter
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called “FTC”) (Federal Trade Commission, 2003); the National Academy of Science’s
Committee on Intellectual Property Rights in the Knowledge-Based Economy, A Patent System for the 21st Century, (hereafter called “NAS”) (Committee on Intellectual
Property Rights in the Knowledge-Based Economy, 2004;) and the National Research
Council Committee on Intellectual Property Rights in Genomic and Protein Research
and Innovation. Reaping the Benefits of Genomic and Protemic Research: Intellectual
Property Rights, Innovation, and Public Health, (hereafter called “NRC”) (National
Research Council, 2006).
The three reports have different goals but, common to the three reports, are concerns associated with an anti-commons or patent thicket and the associated issues
and potential problems associated with poor patent quality or questionable patents.
An anti-commons (an expression coined by Heller and Eisenberg) raises the concern
as to whether or not the multitude of patents that have been granted actually inhibits,
rather than facilitates, the transfer of technology (Heller and Eisenberg, 1998). An
anti-commons occurs when multiple owners hold the right to exclude each other
from a scarce resource, so that no one holds an effective right of entry, and under-use
of the resource results. An example may be the problem of royalty stacking, where
an inventor must obtain multiple licenses to commercialize a product. Carl Shapiro
has discussed similar concerns using the term “patent thickets.” He contends that
technologies that depend on the agreement of multiple parties can be held up by any
one of them, making commercialization difficult (Shapiro, 2001).
Questionable patents or patents of poor quality are those patents which have been
granted that might be deemed invalid if challenged, either by litigation or reexamination because they fail to meet the statutory requirements of novelty, non-obviousness,
or utility, or because they contain claims that are unclear, not enabled across their full
scope, or suffer from an insufficient technical description (Holman, 2006). For instance,
a claim might be worded so as to make its boundaries indefinite, perhaps allowing the
patentee to stretch the terminology to cover a large number of technologies, including
even later-arising technologies that the inventor could not have envisioned at the time
of disclosure (Sullivan and Loretto, 2004). In other words, a questionable patent is a
patent that may have been improperly granted by the USPTO and that, more likely
than not, would be declared invalid upon legal review by a court.
The issue of questionable patents imposes costs on firms that can be seen as unnecessary or illegitimate. For instance, even though a questionable patent would likely
be found invalid if challenged, it may be that a firm prefers to pay a licensing fee that
is lower than the risk-adjusted cost of litigation (Barker, 2005). It may be that the
firm chooses to design around a patent, or a firm may decide that it is in its interest
to cease the allegedly infringing activity altogether (Apple, 2005). Thus, the issuance
of questionable patents may result in higher costs in the process of innovation and
successful commercialization.
The focus of the three reports on issues associated with an anti-commons or patent
thicket and poor quality patents means that some of the recommendations made for
patent reform are similar. But more importantly, without compelling evidence, each
report concluded that there are serious and systemic problems with the patent system.
Thus, this conclusion, coming from prestigious organizations, is often used by those
who wish to reform the patent system. Below we discuss the reports.

392

A.E. Mills and P.M. Tereskerz

Three Reports
TO PROMOTE INNOVATION: THE PROPER BALANCE OF COMPETITION AND PATENT LAW
AND POLICY

The Federal Trade Commission and the Department of Justice, over the course of
2002, interviewed more than 300 representatives and academics who are referred
to as “panelists” from the biotechnology industry, the pharmaceutical industry, the
computer hardware industry, (including semiconductors) and the software and internet industries, in an effort to understand whether or not the patent system, and the
framework of laws and regulation governing competition, promote innovation (Federal
Trade Commission, 2003, p. 9). These panelists included business representatives
from large and small firms and the independent inventor community; leading patent
and antitrust organizations; foremost antitrust and patent practitioners; and scholars
in economics and antitrust and patent law (Federal Trade Commission, 2003, p.3-4).
Given the differences between the industries, for instance, in the way innovation
occurs; the costs associated with innovation; entry costs; and the length of time
needed to bring a product to market, it is not surprising that panelists disagreed as to
whether or not the patent system was accommodating their industries by promoting
innovation and successful commercialization. For instance, representatives from
both the pharmaceutical and biotechnology industries agreed that the patent system
was essential to create incentives for innovation. Representatives from the computer
hardware industry and the software and internet industries were less certain that the
patent system promoted or provided incentives for innovation. One panelist in the
software and internet industries said, “Compared to the effect of competition in this
industry, the current patent system has relatively little effect on the motivation to innovate” (Federal Trade Commission, 2003, Chapter 3, p. 49).
Panelists also disagreed with the nature and degree to which the patent system might
be hindering innovation specifically in regard to the issues of an anti-commons or patent
thicket and the issue of questionable or poor quality patents. For instance, panelists
from the pharmaceutical industry did not seem concerned about the possibility of a
patent thicket or anti-commons occurring in the industry. One panelist noted that
patent thickets in the pharmaceutical industry are generally not problematic because
pharmaceutical products are based on a small number of patents (Federal Trade Commission, 2003, p.5). In the biotechnology industry, some, but not all, panelists believed
that the biotechnology industry can be threatened by a patent thicket or anti-commons
– especially in regard to research tools. “A research tool is a technology that is used by
pharmaceutical and biotechnology companies to find, refine, or otherwise design and
identify a potential product or properties of a potential drug product” (Federal Trade
Commission, 2003, Chapter 3, p. 18). While in the computer hardware industry, “…
none of the panelists disputed the existence of densely overlapping patent rights in
the computer hardware industries” (Federal Trade Commission, 2003, Chapter 3, p.
34). And in the software industry, a number of panelists agreed about the existence of
a patent thicket in the software industry (Federal Trade Commission, 2003, Chapter
3, p. 52). Additionally, panelists were split about the issue of poor quality patents,
depending on the industry they represented.
The FTC report also contains the findings of Walsh et al. (2003) which other
panelists echoed (hereafter called the “first Walsh study”). The first Walsh study

Patent reform in the united states 393
found that, in biotechnology, industry participants use a number of “mechanisms”
to avoid the risk of an anti-commons or patent thickets (Federal Trade Commission,
2003, Chapter 3, p. 24-25). Mechanisms include relying on a research exemption,
obtaining a license, or inventing around patents. Moreover, the authors suggest that
new USPTO guidelines governing utility (in January 2001, the USPTO adopted new
utility guidelines to clarify patentability standards for emerging technologies, such
as gene-related technologies, where uses for new materials that have not been fully
characterized are not readily apparent), (United States Patent and Trademark Office
Utility Examination Guidelines, 2001; Barton, 2000) active intervention from the NIH
(the NIH has a number of initiatives aimed at promoting greater access to research
tools) (National Institutes of Health, 1999) and overall shifts in the courts’ attitudes
toward research tool patents also have lessened the risk of a patent thicket or anticommons: Walsh et al report that their respondents are particularly concerned about
the University of California v. Eli Lilly & Co. in which California tried to argue that its
patent on insulin which was based on it work on rats meant that Lilly was infringing
because it covered Lilly’s human-based bioengineered insulin production process.
The CAFC ruled that the claim was not valid because California did not possess the
claimed invention at the time of filing. Cockburn et al, (2003) find that the CAFC went
from upholding the plaintiff in about 60 percent of cases to finding for the plaintiff in
only about 40% of cases in recent years. Moreover, as cited in the FTC’s report, the
first Walsh study also observes the “…very high technological opportunities in the
biotechnology industry, which enables firms to redirect their research efforts to areas
less encumbered by patent claims to avoid possible infringement issues” (Federal
Trade Commission, 2003, Chapter 3, p. 25).
The first Walsh study warned, however, that the Federal Circuit case, Madey v. Duke
University (Madey v. Duke University , 2003) which emphasized the narrow scope of
the so-called “research exemption” available to universities, might make these findings inapplicable. (The case is discussed below.)
A PATENT SYSTEM FOR THE 21ST CENTURY

In 2004, the NAS released its report on the patent system, “A Patent System for the
21st Century” which undertook to critique the patent system against seven desirable
criteria, two of which are directly concerned with issues associated with poor quality
patents and an anti-commons or patent thicket. They are:
•

The patent system should reward only those inventions that meet the statutory
tests of novelty and utility, that would not at the time they were made be obvious
to people skilled in the respective technologies, and that are adequately described;
and

•

Access to patented technologies is important in research and in the development
of cumulative technologies where one advance builds upon one or several
previous advances.

The report recognized that, at least theoretically, scholars agree how important it is for
the patent system to appropriately reward inventors, and it pointed to other scholars
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who suggest that questionable patents may cause investment in research to decline or
be abandoned (Committee on Intellectual Property Rights in the Knowledge-Based
Economy, 2004, p. 46). The NAS report offers examples of some poor quality patents such as a patent for cutting or styling hair using scissors or combs in both hands
(Committee on Intellectual Property Rights in the Knowledge-Based Economy, 2004,
p. 47). These concerns are similar to the concerns raised in the FTC report.
In regard to the USPTO which has come under sharp attack in recent years for issuing poor quality patents, the NAS notes “…the claim that quality has deteriorated in a
broad and systematic way has not been empirically tested” (Committee on Intellectual
Property Rights in the Knowledge-Based Economy, 2004, p. 48). Nevertheless, the
report claims, “…a nontrivial number of errors in judgment are inevitable in a system
whose output by 3,000 individual examiners is 167,000 patents annually” (Committee
on Intellectual Property Rights in the Knowledge-Based Economy, 2004, p. 48).
The report points to three seemingly direct measures of quality. They are: 1) the
ratio of invalid to valid patent determinations in infringement lawsuits; 2) the error
rate in USPTO quality assurance reviews of allowed patent applications; and 3) the
rate of claim cancellation or amendment or outright patent revocation in re-examination proceedings in the USPTO (Committee on Intellectual Property Rights in the
Knowledge-Based Economy, 2004, p. 48). Studies using these measures give mixed
results with some studies suggesting that validity is being upheld more than invalidity
and other studies indicating the reverse, and the error rate of the USPTO is currently
on a downward trend at around 4 percent (Committee on Intellectual Property Rights
in the Knowledge-Based Economy, 2004, p. 48). But, as pointed out by the NAS,
there are serious deficiencies with each measure. There are selection bias effects
associated with litigation. For instance, parties will rationally avoid futile litigation
over patents that are very strong, patently invalid, or commercially worthless. Generally, only patents in the middle, those whose validity can be rationally disputed with
a reasonable expectation of success, will be found in litigation. More importantly,
however, the numbers of patents associated with any of these procedures is very small.
At the time of the report, the litigation rate was just over 1 percent; only 2-3 percent
of a year’s patents are reviewed by the USPTO; and re-examined patents represent
about 0.3 percent of the total number of patents (Committee on Intellectual Property
Rights in the Knowledge-Based Economy, 2004, p. 49).
But, despite the lack of evidence showing a systematic decrease in the quality
of patents issued – and some evidence showing that the quality of patents has not
declined, but is actually improving – the NAS believes that the USPTO is issuing
more poor quality patents. The NAS cites four reasons to justify this belief. First,
the NAS points to studies which show that that the number of examiners per 1,000
applications is down about 20 percent over the past few years, and the NAS notes
the complexity of patents is increasing (Committee on Intellectual Property Rights
in the Knowledge-Based Economy, 2004, p. 51). In regard to the productivity of
examiners, the NAS reports that, at the time of writing, even though examiners have
access to scientific and technical databases capable of automated searches for prior
art, automated filing and processing of applications is only now being implemented.
Second, the NAS believes that the patent approval rate is significantly higher in the
United States, relative to other industrialized countries, (Committee on Intellectual
Property Rights in the Knowledge-Based Economy, 2004, p. 52) even though the
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NAS acknowledges available studies show differing rates of patent approval. For
instance, Quillen and Webster estimate that the approval rate is between 85 percent
and 97 percent, while Clark’s analysis puts the approval rate at closer to 75 percent
(Committee on Intellectual Property Rights in the Knowledge-Based Economy, 2004,
p. 53). The USPTO reported that in 2006 its approval rate was 54% (United States
Patent and Trademark Office, 2006). More recent studies put the approval rate at
about 67%. (Lemley and Sampet, 2007). The NAS admits that the inability to follow
individual applications and application families from original filing to final disposition of all members may mean that arriving at a precise approval rate may be elusive
(Committee on Intellectual Property Rights in the Knowledge-Based Economy, 2004,
p. 54). Third, although the USPTO has implemented changes in policy regarding the
treatment of genomic (United States Patent and Trademark Office Utility Examination
Guidelines, 2001), and business method patents (Committee on Intellectual Property
Rights in the Knowledge-Based Economy, 2004, p. 56), partly in response to criticisms associated with the quality of patents it issues, the NAS claims to be unable to
assess the impact of these changes (Committee on Intellectual Property Rights in the
Knowledge-Based Economy, 2004, p. 56). Fourth, the NAS believes that there may
have been some dilution in the application of the non-obvious standard as a result of
court decisions and their incorporation in the examination guidance compiled in the
USPTO’s Manual of Patent Examining Procedure (Committee on Intellectual Property
Rights in the Knowledge-Based Economy, 2004, p. 59).
Specifically, the NAS believes that the guidance for determining obviousness, as
set forth in the three cases known as the “Graham trilogy,” (Graham v. John Deere
Co. 1966; Calmar, Inc. v. Cook Chemical Co., 1966; United States v. Adams, 1966)
can lead to conceptual confusion, depending on how it is applied. (The CAFC has
supplemented this guidance with the TSM test. This test was designed to eliminate
hindsight bias in the determination of obviousness. Critics argue that applying the
TSM test effectively lowers the bar that Congress set for patentability when it codified
the pre-existing law of non-obviousness because the USPTO and litigants essentially
have to prove that an invention is not non-obvious, as opposed to proving that it is
obvious.) But, the recent KSR International Co. v. Teleflex Inc. et al. decision as
discussed below, is expected to lower significantly the burden for patent examiners
and litigants to establish the obviousness of a claimed invention (KSR International
Co. v. Teleflex Inc. et al., 2007).
The NAS specifically states, “Neither USPTO resources in relation to its workload,
nor patent approval rates, nor changes in the treatment of genomic and business method
inventions and the non-obviousness standard are, separately, conclusive evidence
that patent quality is too low or declining. However, taken together they lead the
committee to conclude that there are reasons to be concerned about both the courts’
interpretations of the substantive patent standards, particularly non-obviousness, and
the USPTO’s application of the standards in examination” (Committee on Intellectual
Property Rights in the Knowledge-Based Economy, 2004, p. 62).
With regard to questions of access (an anti-commons or patent thicket), the NAS
noted that there was only one area – biotechnology research and development,
primarily when applied to human health – where it was repeatedly suggested that
there might be a significant problem of access to patented technology (Committee
on Intellectual Property Rights in the Knowledge-Based Economy, 2004, p. 71). In
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order to understand whether or not access to research tools was being prevented by
an excess of patents, the NAS commissioned Walsh et. al. to undertake the survey
discussed above. (This is the first Walsh study, which was used in the FTC report.)
And, as we discussed above, the first Walsh study found that there did not appear to
be an anti-commons or patent thicket, but rather industry actors were finding working
solutions to any potential anti-commons or patent thicket.
REAPING THE BENEFITS OF GENOMIC AND PROTEOMIC RESEARCH

The report published by the NRC was more limited in scope than the two early reports
discussed in that it only focused on the trends in the patenting of genomic and protein
related inventions (National Research Council, 2006). It did, however, express similar
concerns as those discussed above as to the effects of patenting on innovation and
successful commercialization. To address these issues to the widest extent possible
within the constraint of limited resources, the NRC consulted the existing research
literature and received testimony from scholars in the field. In addition, it engaged
in three original research efforts:
1.

a search for issued patents and published patent applications in selected
biotechnology categories;

2.

a small survey of university licensing of selected categories of patents;

3.

a survey of biomedical research scientists to ascertain their experience with
intellectual property and its effects on research (National Research Council,
2006, p.100).

We discuss the NRC’s findings below.
A SEARCH FOR ISSUED PATENTS AND PUBLISHED PATENT APPLICATION IN SELECTED
BIOTECHNOLOGY CATEGORIES

NRC staff consulted with USPTO supervising examiners to develop search algorithms
for each category identified. The identified categories are: gene and gene regulation, haplotype/SNPs, gene expression profiling, protein structure, protein-protein
interactions, modified animals, software, algorithms, databases, EGF pathway,
CTLA4 pathway, NF-kB pathway. These searches were run on the patent claims
field to obtain the number of U.S. patents and assignees, assignee countries, inventor
countries, applications years, and ultimate assignees over the period from January 1,
1995 to February 1, 2005. Similar searches were run on the extensive genomic and
genetic database maintained by Georgetown University Staff with support from the
National Institutes of Health (National Research Council, 2006, p.107). The results
corresponded very closely but not exactly.
Researchers found that the numbers of issued patents declined in most categories
beginning in 2000-2001, with the exception of protein structures, where the numbers
were low to begin with. The NRC asked whether or not a decline in patenting was
expected to continue. They noted that public funding was not declining, nor was
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research productivity and that it was unlikely that the economic environment played
a role, at least not initially, because patents that issued after 2000 derived from applications filed two or more years earlier (National Research Council, 2006, p.100).
The NRC acknowledged that, while hard to assess, greater conservatism on the part
of USPTO was almost certainly a factor in the decline (National Research Council,
2006, p.100). So it may be that in spite of the claimed inability of the NAS to assess
the impact of the USPTO’s utility guidelines, that their implementation in which the
claimed utility of an invention must be “specific, substantial and credible” (United
States Patent and Trademark Office Utility Examination Guidelines, 2001) might be
having an effect on the numbers of patents issued and the quality of issued patents.
A SMALL SURVEY OF UNIVERSITY LICENSING OF SELECTED CATEGORIES OF PATENTS

Obtaining information on licensing is not easy as firms and universities consider licenses and licensing terms proprietary information that they voluntarily disclose very
selectively and only when it is to their advantage. Nevertheless, the NRC references
a survey done at the beginning of 2003 on 30 US academic institutions owning 75 or
more of the DNA-based patents (Pressman et al, 2006). Nineteen institutions provided
data on licensing frequency for about 2,700 patents. In sum, the survey found that
“interview respondents reported practices broadly consistent with the NIH guidelines
issued in 1998 and with the Guidelines for Licensing of Genomic Inventions, which
were in draft form and published for comment at the time the survey was conducted
and the results analyzed. Further, university technology transfer offices reported
considering the NIH guidelines de facto regulations binding on grantee institutions”
(Pressman et al, 2006)
The NRC also conducted its own small survey. It obtained the cooperation of the
five universities assignees with the most patents (in all but one case) related to the
three molecular pathways (identified below) to supply data on the licensing of these
inventions. The NRC reports results were similar to the survey discussed above –
that is, practices were broadly consistent with the NIH guidelines (National Research
Council, 2006, p.119).
A Survey of Biomedical Research Scientists to Ascertain Their Experience with
Intellectual Property and its Effects on Research

To collect more extensive (but still preliminary data) on the whether or not patents
contribute to the problems associated with an anti-commons the NRC arranged with
Walsh and colleagues to undertake a more extensive survey than the one described
above (National Research Council, 2006, p.119). This study is referred to as the
second Walsh study. A sample of 1,124 persons included, among others, investigators
in universities, government laboratories, and other non-profit institutions; industry
scientists; and researchers working on one of the signaling proteins. Industry researchers were over-sampled to ensure they made up one third of the total. And to
ensure that the survey respondents contained sufficient numbers of individuals who
work in the fields of biomedical sciences of high commercial interest (because of
their association with normal and disease-associated cellular processes) a specially
selected sample of approximately 100 researchers working on each of the three mo-
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lecular pathways (EGF, CTLA4 and Nf-kB) was also included (National Research
Council, 2006, p.120). The unadjusted response rate was 33% (National Research
Council, 2006, p.120).
The findings of the second Walsh study are similar to the first Walsh study. For instance, drawing from the responses, those whose research goals were “drug discovery”
“basic research” or “other” (to differentiate them from survey respondents working on
the three molecular pathways) yielded a sample of 274 persons. In this sample, Walsh
found that the top five reasons for project abandonment, were, in order of frequency,
“lack of funding” (62%), “conflict with other priorities” (60%), “a judgment that the
project was not feasible” (46%), “not scientifically important (40%),” and “not that
interesting” (35%) (National Research Council, 2006, p.123-124).
Technology access issues (issues associated with a patent thicket or poor quality
patents) were cited much less frequently as a reason for project abandonment across
all types of scientists and researchers. For instance, in the sample above, “unreasonable terms for obtaining research inputs” was cited by 10% of survey respondents
and “too many patents covering needed research inputs” was cited by only 3% of
survey respondents as reasons for project abandonment (National Research Council,
2006, p.123-124).
Overall, that is across all types of respondents, the number of projects abandoned
or delayed as a result of technological access difficulties is extremely small, as is the
number of occasions in which investigators revise their protocols to avoid intellectual
property issues or pay high costs to obtain one (National Research Council, 2006,
p.123). For instance, no academic respondent abandoned work as a consequence of
either delay or inability to receive permission from a patent owner (National Research
Council, 2006, p.123). Of those seeking permission from a patent owner (24 out of
32 academic respondents) only one encountered a demand for licensing fees, in the
range of $1 - $100 (National Research Council, 2006, p.123).
But, even though this report produced no evidence of a patent thicket or that researchers were being unreasonably challenged by questionable patents, the NRC
echoes the concern voiced by both the FTC report and the NAS report in regard to
the Madey case (Madey v. Duke University, 2006). The concern being that Madey
might cause academic researchers and industry participants to become more proactive in asserting their intellectual property rights, thus allowing a patent thicket or
anti-commons to emerge.
The recommendations of the reports
The three reports we have discussed above were written from different perspectives
and with differing goals. But, common themes emerge. All three reports were concerned with issues associated with the possibility of an anti-commons emerging and
ensuring patent quality and so avoiding uncertainty, potential litigation, and other
unnecessary costs associated with poor quality patents.
Despite lack of conclusive evidence, the FTC report concludes that poor quality patents are being issued and urges a number of reforms to address the potential
problems. These reforms that are aimed directly at improving the issuance of quality
patents include:

Patent reform in the united states 399
1.

Enact legislation to create a new administrative procedure to allow post-grant
review and opposition to patents;

2.

Enact legislation to specify that challenges to the validity of a patent are to be
determined based on a “preponderance of evidence” rather than presuming an
issued patent is valid;

3.

Tighten certain legal standards to evaluate whether a patent is obvious;

4.

Provide adequate funding for the USPTO;

5.

Modify certain USPTO rules and implement portions of the USPTO’s 21st
Century Strategic Plan (Federal Trade Commission, 2003 p.1-16).

Similarly, despite lack of evidence showing the existence of an anti-commons, the NAS
proposes addressing the issues of an anti-commons and patent quality through:
1.

Reinvigorating the non-obvious standard

2.

Creating a procedure for third parties to challenge patents for a limited time
after their issuance

3.

Providing more resources for the USPTO (Committee on Intellectual Property
Rights in the Knowledge-Based Economy, 2004, p.81-83)

The NRC report, although concerned only with genomics and proteomics, contains a
recommendation that non-obviousness should not be based on the absence of structurally similar molecules and instead should be evaluated:
“by considering whether the prior art indicates that a scientist of ordinary skill
would have been motivated to make the invention with a reasonable expectation
of success at the time the invention was made” (National Research Council,
2003, p. 142).
In addition, the NRC also encouraged universities to be:
“…familiar with the USPTO utility guidelines and should avoid seeking patents on hypothetical proteins, random single nucleotide polymorphisms and
haplotypes, and proteins that have only research, as opposed to therapeutic,
diagnostic, or preventive, functions”
(National Research Council, 2003, p. 144).
Although this analysis focuses on issues associated with an anti-commons or patent
thicket and poor quality patents, it should be noted that some of the recommendations of the reports have found their way into past proposed and currently proposed
legislation. For instance, both the FTC and the NAS reports recommend creating a
post-grant opposition proceeding, and both the FTC and NAS reports favor limitations
on when damages may be trebled for willfulness.
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Patent reform: lack of empirical justification
A problem that has not been adequately addressed is that the call to reform the patent system to date is based on conjecture, anecdote, and individual publicized cases.
This may be particularly true when it comes to patents in the biotechnology industry.
Caufield and colleagues point out that in biotechnology areas such as gene patenting,
where ethical, legal, and economic concerns proliferate, the timing of major policy
documents illustrates that policy has largely been driven by social unease, preliminary data, and literature on adverse practical ramifications, as well as several highly
publicized patent protection controversies (Caulfield et al, 2006).
The primary empirical studies offered by the FTC, NRC, and NAS reports are the
first and second Walsh studies discussed above which investigated the biotechnology
industry, which has been perceived to be the industry most likely to suffer from an
anti-commons. Although both studies report subjective findings based on interviews
and surveys, both studies concluded that an anti-commons is being avoided in the
industry. We note that qualitative studies such as this are often used in order to better
understand a perceived problem or to gain a new perspective (Strauss and Corbin,
1990). Thus, qualitative methods are appropriate in situations where one might need
to first identify the variables that could later be quantitatively studied. None of the
reports relied upon to justify overhaul are based on objective, empirical data, other
than the NRC’s commissioned study limited to DNA patents, which found issued
patents declining in this area. And, it should be noted that the entire FTC’s report
was, in fact, a qualitative study.
As discussed above, the first Walsh study involved interviews of a small sample
of intellectual property attorneys, business managers and scientists, with 24 from
the pharmaceutical industry, representing 10 firms, 18 from biotech, representing 15
firms, 13 from six universities and 15 others. While the small number of individuals
interviewed means that it is impossible to determine if the results are representative of
the national experience, the study found no evidence that the proliferation of patents
was causing an anti-commons in the biotechnology industry. In addition, methods
describing the study period, questions posed, the sampling method to select respondents, or rate of those agreeing to be interviewed are not provided in the publication
describing the results which makes it difficult to assess the validity of the findings.
While the second Walsh study suffers from a modest response rate, again putting
into question whether the existing research truly represents the national experience, the
second study supports the findings of the first study, namely that there is no evidence
that the proliferation of patents was causing an anti-commons in the biotechnology
industry.
These studies, while limited in that the data are not combined with representative
objective data, do not indicate that there is an anti-commons in the biotechnology
industry, and therefore, they do not justify support for the proposed patent system
reform. However, given the methodological issues associated with the studies and the
lack of any representative empirical data, it is impossible to categorically state what
is or is not occurring with absolute certainty. Further, there is another problem. Court
cases recently decided have now changed the landscape significantly. The impact
of such decisions has not been studied or was studied too soon after the decisions to
draw certain conclusions.
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Recent court cases that may alter patent environment
MADEY V. DUKE UNIVERSITY

John Madey was employed by Duke University to direct a lab using equipment
developed from his two patents related to free electron laser technology. Following
internal disagreements, Duke removed him as a director but continued to use his
patents. Madey sued claiming patent infringement. The lower court dismissed his
claim based on the common law experimental use doctrine. (The experimental use
exemption was articulated in 1813 by Judge Story. In Whittemore v. Cutter, Judge
Story used the term “philosophical” instead of “scientific” to describe the experimental use exemption from patent infringement. The essential component of the court’s
reasoning was that those skilled in such “useful arts” are free to use the knowledge
imparted by a patent disclosure for amusement, to satisfy idle curiosity or for strictly
philosophical inquiry) (Whittemore v. Cutter, 1813). On appeal, the CAFC reversed
and remanded. The U.S. Supreme Court in 2002 denied Duke’s petition seeking
review of the Federal Circuit’s decision in the University’s case with John Madey
(Madey v. Duke University, 2002).
The CAFC held that the experimental use exemption does not apply to research
that furthers universities’ “business objectives,” including research, educating and
enlightening students and faculty, holding that “so long as the act is in furtherance of
the alleged infringer’s legitimate business and is not solely for amusement, to satisfy
idle curiosity or for strictly philosophical inquiry, the act does not qualify for the very
narrow and strictly limited experimental use defense” (Madey v. Duke University, 2002,
1362). Moreover, the profit or non-profit status of the user is not relevant (Madey v.
Duke University, 2002, 1362).
The Madey court did not provide any examples of the types of uses that would
qualify for the experimental use defense (those acts performed solely for amusement,
to satisfy idle curiosity or for strictly philosophical inquiry). It did, however, delineate the boundaries of the defense by examining what uses would not qualify for the
experimental use defense. The court found that the experimental use exception should
not insulate commercial research from claims of patent infringement. This applied to
Duke who as Judge Gajarsa noted, was “…not shy in pursuing an aggressive patent
licensing program from which it derives a not insubstantial revenue stream” Madey
v. Duke University, 2002, 1367).
Moreover, the Court reasoned that the experimental use exemption might unfairly advance
Duke’s business interests. The court used a broad definition of business interest:    
[M]ajor research universities, such as Duke, often sanction and fund research
projects with arguably no commercial application whatsoever. However, these
projects unmistakably further the institution’s legitimate business objectives
including educating and enlightening students and faculty participating in these
projects….(which) serve to increase the status of the institution and lure lucrative
research grants, students and faculty (Madey v. Duke University, 2002, 1362).
The FTC, NAS and NCR reports, as well as the Walsh reports, question whether the
absence of an observed anti-commons is associated with researchers’ lack of knowl-
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edge about the Madey decision. The speculation is that as more researchers and their
institutions become more knowledgeable about the decision, they, as well as private
industry, may become more proactive in protecting their intellectual property rights,
allowing an anti-commons to emerge. The NAS states that:
An informal poll of research institutions reported to a September 30, 2002, meeting
organized by the Association of American Universities, American Association of
Medical Colleges, Council on Government Relations, and National Association of
State Universities and Land Grant Colleges, revealed that a number of institutions
were receiving more notification letters with respect to patent infringement in the
aftermath of the decision. The organizations have arranged with the American
Association for the Advancement of Science to continue to monitor universities’ experience in this regard (Committee on Intellectual Property Rights in the
Knowledge-Based Economy, 2004, p 76).
We are, however, unaware of any follow-up on the part of these organizations. But
it should be noted that just as before the Madey decision when people posited that
the possibility of anti-commons was occurring with no empirical evidence, in the
aftermath of the Madey decision people are once again positing that an anti-commons
may occur with no empirical evidence.
EBAY INC. V MERCEXCHANGE, LLC

In EBay Inc. v MercExchange, LLC a patent owner alleged patent infringement for
a method of conducting internet sales (Ebay Inc., et al., Petitioners v. MerEchange,
2006). The lower court found the patent had been infringed but denied permanent
injunctive relief. The CAFC reversed, finding the District Court abused its discretion
by denying the permanent injunction, applying its general rule of granting injunctions
against patent infringement except in exceptional circumstances. On appeal to the U.S.
Supreme Court, the Court found that the District Court was incorrect in its categorical denial of injunctive relief and likewise the CAFC erred in categorically granting
such relief. Accordingly, the Court remanded the case ordering that the traditional
four-factor framework that governs the award of injunctive relief be applied. This
four-pronged test requires a plaintiff to demonstrate that: 1) it has suffered irreparable
injury; 2) remedies available at law are not adequate to compensate for the damage
incurred; 3) upon balancing hardships between plaintiff and defendant, a remedy in
equity such as injunctive relief is warranted, and 4) that the public interest would not
be disserved by granting injunctive relief.
This ruling is most problematic for patentees who do not themselves practice their
inventions and who have in the past relied on the high likelihood of an injunction
following a finding of infringement.
KSR INTERNATIONAL CO. V. TELEFLEX INC. ET AL.

In 2002, Teleflex filed suit against KSR International for patent infringement of
its electronic floor pedals. KSR argued that the pedals were nothing more than a
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combination of existing technologies and were therefore obvious and unenforceable
(KSR International Co. v. Teleflex Inc. et al., 2007). The District Court found for
KSR, holding that the patent was obvious. The Court of Appeals reversed, holding
that if the TSM test for obviousness were appropriately applied, the patent would
have been found to be non-obvious. Applying this test means a patent is obvious
only if prior art, the problem’s nature, or knowledge of a person with ordinary skill
in the art indicate motivation or suggestion to combine the prior art teachings. The
Supreme Court reversed, holding that the patent was invalid because it was obvious
to a person of ordinary skill in the field to combine the existing technologies, finding
that KSR provided convincing evidence that combining the existing technologies was
well within the grasp of a person of ordinary skill in the field and the benefit of doing
so was obvious (KSR International Co. v. Teleflex Inc. et al., 2007, p. 1727). While
acknowledging that the TSM test provides helpful insight in that a patent existing of
combined elements is not obvious merely by proving that each element was independently known as prior art, the Court, counseled against confining the obviousness
analysis to a formal conception of “teaching, suggesting, and motivation.” Thus, the
Supreme Court effectively raised the bar for obviousness and new guidance to the
USPTO was issued in 2007. (United States Patent and Trademark Office, 2007)
Conclusion
We are left in a situation in which there is a lack of compelling evidence that justifies
reforming the patent system in a way that could potentially disrupt the incentives of
industries that rely on patents to innovate. Indeed, the Walsh studies suggest that
there is no basis to believe that the proliferation of patents is hindering research.
Moreover, the courts, particularly the Supreme Court, have taken the lead in initiating
reforms to the patent system and the industries that are affected by it. The Madey
decision blurred the boundaries between universities and their missions and industry.
But, despite the worry voiced by the reports discussed above, the only evidence we
have that the consequences of Madey might contribute to an anti-commons through
increased litigation activities is an informal poll showing that some universities have
received more notification letters warning of infringement (Committee on Intellectual
Property Rights in the Knowledge-Based Economy, 2004, p 76).
In both EBay and KSR, the Supreme Court has increased uncertainty in the business
environment. As to EBay, there is now less certainty as to whether injunctive relief
will be granted when patents are infringed. And while this might weaken patent
rights, it should effectively have eased the concerns of some of the FTC panelists,
particularly those in the computer hardware and semi-conductor industries, who are
concerned that findings of infringement could result in automatic injunctive relief.
And, the KSR decision has, in essence, agreed with one of the major recommendations for patent reform made by the FTC, the NAS, and the NRC -- that the obvious
standard should be strengthened.
We don’t know how these judicially-enacted patent reforms will play out. Theoretical arguments can be made on both sides of the anti-commons and patent quality
debate. Most observers of the patent system welcome and acknowledge the need for
patent reform in some areas, such as ensuring the USPTO has the resources it needs
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to ensure patent quality. But, reforming the patent system in a way that would weaken
patent rights is controversial and should be carefully assessed and balanced with the
potential untoward impact such changes may have on various industry sectors, particularly those whose primary assets are patents, not manufactured products. In these
sectors, significant changes that introduce uncertainty and weaken patent rights may
reduce investment in these industries, which in turn may adversely impact innovation
and successful commercialization.
There is no doubt that the explosion of innovation which has resulted in large numbers of patents being issued has strained the patent system. But, the patent system
supports and protects innovation by providing the incentives for innovation, and legal
mechanisms protect intellectual property rights. We have seen that as innovation
cycles have occurred, the system has shown itself to be resilient and self-correcting.
For instance, as mentioned by the reports, discussed above, the USPTO has revised
its guidelines in response to criticisms and will has implemented new standards to
accommodate the KSR ruling. And, as mentioned by the reports, industry participants are finding solutions to problems associated with possible patent thickets and
poor quality patents. Implementing reform measures aimed at weakening patent
rights and enforcement mechanisms is dangerous because innovation often depends
on strong patent rights and enforcement mechanisms. The danger to innovation
increases when reform is implemented without methodologically sound empirical
data that also adequately takes into account the effect of confounding variables such
as recent court decisions.
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Central nervous system (CNS), 297-299, 302, 309, 312-314
cells, 313
disease, 297
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knockout, 21
Chloramphenicol acetyltransferase (CAT), 226, 244
Chlorophyll, 140, 142, 148, 149, 152
Chloroplast, 149, 152, 231
transgenic, see also Transgenic
Chlorotoluron, 52, 55, 56
Cholesterol dependent cytolysins (CDC), 66
toxin, 66, 67, 73, 76
Choline monooxygenase (CMO), 232
Cholinergic transmission, 301
Choroidal neovascularization (CNV), 307
Chromoplas, 144, 151, 234
Chromoplast-specific lycopene ß-cyclase (BETA), 141, 142
CHX10, 316, 317
Chylomicrons, 151
Chymotrypsin, 211
Ciliary neurotrophic factor (CNTF), 302, 306
gene, 306
cis-dichloroethylene (cDCE), 50, 51
cis-lycopene, 140
Cisplatin, 128
Citric acid cycle, 338
Citronellic acid, 150
Citronellol, 150
Classical pathway, 24, 68
Classical swine fever (CSF), 235
Cloacamonas acidaminovorans,
genome, 343
Clostridium prefringens enterotoxin (CPE), 70, 72
Clostridium, 66
Clusterin, 307
Coat protein (CP), 235, 237
fusion, 235
PVX, 236
viral, 236
Coeliac disease, 17

411

Colicin, 66, 67
Collaborative working groups (CWG), 379, 380
Collagen, 118, 119, 122, 126, 128
3D collagen, 118, 119, 122, 123
collagen I, 118-120, 123, 127, 128, 169
collagen III, 119
collagen IV, 119
Colon cancer,
cells, 128
Complement dependent cytotoxicity (CDC), 20
Complement factor H (CFH), 307
Complement,
activation, 24
C1q, 24
C1r, 24
C1s, 24
pathway, 24
Complementarity determining region (CDR), 5, 7, 8
Complementary DNA (cDNA), 55, 143, 241
plasmid based, 268
Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA), 48
Conditioned response (CR), 180
Conditioned stimulus (CS), 180
Confocal microscopy, 100, 129, 270, 272
Constraint-based modeling (CBM), 281-284, 286, 288, 290,
292, 293
Content-addressable memory (CAM), 192
Hopfield type, 192
Coriolus versicolor, 56
Cornea, 298
Corpora pedunculata, 188
Corynebacterium diphtheria, 65, 66
Corynebacterium glutamicum, 208, 215, 216
transglutaminase, see also Transglutaminase (TGase)
Cos7 cells, 77
Covalently closed circular DNA (cccDNA), 87
Cowpea mosaic virus (CPMV), 235
CRALBP, 316, 317
Crocetin, 143
8-8’-glycosyltransferase, 143
aglycones, 143
dialdehyde, 143
glycoside, 143
Crocin, 143,
Crocus sativus, 142, 143
Crohn’s disease, 16
Crx+, 315
Cry1Ab, 73
Cry1AbMod, 73
toxin, 72, 73
Cucurbitaxanthin A, 144
Current good manufacturing practices (cGMP), 88, 302
Cyan fluorescent protein (CFP), 240
Cyranose 320, 182
Cystic fibrosis, 86, 102, 239
Cytidine monophosphate (CMP), 28
Cytochrome oxidase, 304
Cytochrome P-450, 43, 52, 55
CYP1A1, 55
2E1, 55
monooxygenases, 50, 52, 59
pIKBACH, 56
Cytochrome P450 carotene hydroxylases, 141
Cytochrome P540, 126
Cytokines, 14, 15, 68, 69, 73, 76, 237, 238
activation, 73
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biosynthesis of, 68
expression of, 68, 237
therapeutics, 22
Cytolysis, 15, 74
Cytomegalovirus (CMV),
promoter, 272
Cytoplasm, 68, 87, 230, 231
Cytoplasmic,
condensation, 69
domains, 16, 68, 243
ion composition, 69
Cytotoxic T lymphocyte antigen-4 (CTLA-4)
antibody, 238
Dahlia merckii antimicrobial peptide 1 (DmAMP1), 233,
234
Danio rerio, 244
Daucus carota, 51, 147
Dbx1, 313
Deltaproteobacterial type, 341
Dendritic cells, 15, 25, 68, 69
Dense non-aqueous phase liquid (DNAPL), 48, 49
Dextran, 74, 98
Diabetes, 282, 311
type-2, 235
Dibenzodibenzo-p-dioxins, 49
Dibenzofurans, 49
Dicer or Ribonuclease III (RNaseIII), 264
Diencephalon, 299, 314
Differential scanning micro calorimetry (DSMC), 26
Diffusion coefficient (Da), 163, 165, 166, 168, 169
Digital scanned light-sheet microscope (DSLM), 129
Digoxindigoxin, 125
Dimethylsulphoniopropionate (DMSP), 344
Diphtheria toxins, 65, 66
Disability adjusted life years (DALY), 262
Discosoma sp. red fluorescent protein (DsRED), 240
DsRed2, 240
Disease, 2, 3, 12, 16, 17, 29, 86, 106, 145, 232, 235, 239, 241,
244, 262, 267, 281, 297, 305, 306, 319, 321, 363, 364
Alzheimer’s, see also Alzheimer’s disease
animal, 181
associated cellular processes, 397
autoimmune, see also Autoimmune diseases
central nervous system, see also Central nervous 		
system (CNS)
chronic, 238
coeliac, see also Coeliac disease
Crohn’s, see also Crohn’s disease
degenerative, 140, 298, 305
diagnosis, 305
diet-related, 373
epizootic, 372
foot-and-mouth, see also Foot-and-mouth disease virus
(FMDV)
gene-related, 83
genetic, see also Genetic
heart, 84
human, see also Human
infectious, 235
inflammatory bowel disease, see also Inflammatory 		
bowel disease
Inflammatory, see also Inflammatory diseases
lysomal, 240
metabolic, 282, 293
neurodegenerative, 86, 282, 298
parasitic, 262

Parkinson’s see also, Parkinson’s disease
periodontal, 17
polygenic, 239
progression, 305
refsum, see also Refsum disease
resistance, 195
rheumatic disease, see also Rheumatic disease
viral, see also Viral
zoonotic, 372
Dissolved organic carbon (DOC), 344
Dkk-1, 313, 314, 316, 317
DNA-binding protein, 87, 104
DNA, 69, 84-87, 95, 97-100, 104, 239, 268, 274, 337, 341,
344, 357, 364
binding protein, see also DNA-binding protein
chloroplastic, 59
chromosomal, 87
cleavage, 73
complementary, see also complementary DNA 			
(cDNA)
covalently closed circular, see also Covalently closed 		
circular DNA (cccDNA)
DNA85B, 238
fragmentation, 70
genomic DNA (gDNA), see also, genomic DNA 		
(gDNA)
immunization, 238
ladder, 69
luciferase, see also Luciferase
patents, 397, 400
plasmid, see also plasmid DNA (pDNA)
protein complex, 87
protein affinity chromatography, see also Proteins
pepair protein, see also Proteins
replication, 364
sequencing, 336
sequences, 12, 87, 89
shearing, 70
supercoiled, see also supercoiled (sc) DNA
vaccination, see also Vaccination
vaccine, 85, 87, 88, 90, 237, 238
Docosahexanoate, 307
Double-stranded RNA (dsRNA), 228, 263, 264, 266, 267,
274
Doxorubicin, 125, 127
Dynasore, 77
Ebola, 86
Echinenone, 151
Effector cells, 16
Electroantennogram (EAG), 182-184, 196
Electron microscopy (EM), 364
Electronic nose technology, 189
Electroporation, 266, 268, 272, 274
Electroretinogram (ERG), 305, 306, 318, 319
Embryo, 49, 244, 297, 317
blastocyst stage, 297, 311
drosophila, 130
fish, 130
human, 312
zebrafish, 244
Embryogenesis, 299, 312, 314
Embryonic stem cell (ESC) or (ES), 240, 297, 311-320
human (hESCs), 224, 240
En2 marker, 313
Endocytosis, 74, 77, 78
Endoplasmic reticulum (ER), 76, 230, 231, 270

Index
Endoplasmic reticulum stress response to unfolded proteins
(UPR), 76, 78
pathway, 76
Endoprotease, 238
Endosomes, 22, 68, 77
Endothelial cells, 25, 70, 72, 78, 86, 123, 170, 173
Endotoxins, 94, 96, 98, 99, 101, 104
Engelbreth-Holm-Swarm (EHS),
mouse sarcoma, 119
Enhanced biological phosphorous removal (EBPR), 346,
347
Environmental protection agency (EPA), 48
pollutants, see also Pollutants
Environmental scanning electron microscope (ESEM), 129
Enzyme replacement therapy (ERT), 240
Enzyme, 4, 23, 24, 50, 52, 56, 57, 59, 68, 100, 103, 142-144,
146, 205-208, 210, 216-218, 232-234, 240, 264, 266, 282,
284-287, 289, 290, 291, 338, 343, 361, 376
actin depolymerizing, 70
bacterial, see also Bacteria or Bacterial
carbohydrate-active, 342
carotenoid isomerase, see also Carotenoid isomerase 		
(CRTISO)
catabolic, 56
cathepsin B, see also Cathepsin B
digestion, 95
hydrolytic, 342
ketolase, see also
metabolic, 284
metabolizing, 118, 125
methyltransferase, see also Methyltransferase
microbial, 56, 57
non-heme carotene hydroxylase, see also Non-heme 		
carotene hydroxylase (CHY)
nuclear-encoded, 140
plant, 45, 52, 56, 146
proteolytic, 264
replacement therapy, see also Enzyme replacement 		
therapy (ERT)
ß-carotene hydroxylase, see also ß-carotene
		
hydroxylase
ζ-carotene desaturase, see also ζ-carotene desaturase 		
(ZDS)
Epidermal cells, 124, 313
Epidermal growth factor receptor, 22
Epithelial cells, 69, 70, 74, 76-78, 120, 123
gastric, 312
Epithelial,
cells, see also Epithelial cells
membrane, 14
monolayer, 123
morphogenesis, 120
organs, 124
Epitope, 2-4, 6-8, 235, 236, 238, 245
binding, 8
density, 15
recognition, 8
specificity, 15
Erbitux (cetuximab), 26
eRF1, 230
eRF3, 130
Erwinia, 146, 147, 149, 152
Erythrocytes, 19, 264
Escherichia coli, 28, 66, 70, 83, 88, 91-93, 144, 208, 210, 215,
283, 288, 289, 317, 355, 362, 364
B strain, 90
K12, 90
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lysate, 98, 104, 105
Ethylene dibromide (EDB), 55
Eukaryotic protein, 362
Eukaryotic, 343
cells, 65-68, 74, 77, 87, 95, 105, 228, 364
elongation factors, 230
expression system, 87, 355
promoter, 87
European agency for the evaluation of medical products
(EMEA), 96
European center for the validation of alternative methods
(ECVAM), 124
European Community – United States Task Force on Biotechnology Research (EC-US TF), 376, 377
European Research Area – Network (ERA-NET), 377-379
scheme, 377-380
European research area (ERA), 377, 381
European technology platform (ETP), 380, 381
Exocytic pathway, 231
Exocytosis, 77
Exosome, 77
Extracellular matrix (ECM), 118, 119, 126, 129
formation, 167, 169
gel, 129
hydrogels, 119, 126, 128
infiltration, 169
proteins, see also Extracellular matrix proteins (ECM)
structure, 302
synthetic, 125
Extracellular matrix proteins (ECM), 118, 127, 128
F-actin, 126
Farnesyl diphosphate synthase (FDPS), 363
FasL, 319
Fatty acid,
synthase, 77
synthesis, 49
Fbx15,
expression, 317
iPS cells, 317
Fc (Fragment crystallisable), 5-7, 29
aglycosylated, 14
IgG-Fc, see also IgG-Fc
FcγRIII complex, 10
mobility, 7
neonatal Fc receptor (FcRn), 10, 18, 22, 23, 27, 29
protein, 9
receptor, 22, 27
structure, 7
Fermentation, 89-92, 206, 208, 211, 212
batch, 92, 93
fed-batch, 91, 92
large-scale, 88
metabolism, 343
semi-defined batch, 90
shake flask, 91
solid-state, 208
Ferroplasma, 341
group I, 339
group II, 339
Fibrobacter, 342
Fibroblast growth factors (FGF), 302, 306, 311
aFGF, 315
bFGF, 315
Fibroblasts, 118, 123, 311, 312
embryonic, 241
growth factor, see also Fibroblast growth factors (FGF)
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Fibronectin, 118, 128
Firefly luciferase (FLUC), 239
gene, see also Genes
Firmicutes, 343
Fluorescence microscopy, 129
Flux balance analysis (FBA), 282, 285-288
Flux variability analysis (FVA), 286
Folate, 147
Food and drug administration (FDA), 88, 96
Foot-and-mouth disease virus (FMDV), 223-225
2A, 224, 226-228, 232, 233, 235-239, 241
protein, 224
Forskolin, 127
Fosmid, 341, 343
Fragment antigen binding (Fab), 5-9, 13, 18, 25, 26, 27
Fab-antigen complex, 8
glycosylation, 25
structure, 7, 9
Framework Program for Research and Technological Development (FP7), 372, 375, 376, 378, 380-384, 386
Fraxinus excelsior, 58
Fucose transferase, 28
Fucose, 11-13, 20-22, 28, 29
Fucosyl transferase, 21
Fungi, 3, 43, 56, 140, 228, 233
Fungicide, 49, 249
Furin, 238, 243
G-protein coupled receptor (GPCR), 74, 191
G-protein, 72
coupled receptor, see also G-protein coupled receptor
(GPCR)
GABA, 303
Galactose, 11-13, 18-20, 26
Galactosilated polyethylene-terephtalate (PET-Gal), 125,
126
PET-GRCDS, 125, 126
Gamma-glutamyl transferase (γ-GT), 121
Gammaproteobacterial type, 341
Ganglion cell layer (GCL), 300
Gbx2, 313
Gelatin, 128
Gene inactivity moderated by metabolism and expression
(GIMME), 288
Genes, 4, 84, 87, 105, 143, 144, 149, 151, 152, 188, 195, 208,
210, 228, 234, 238, 240, 241, 244, 245, 264, 274, 287,
291, 307, 319, 338, 342, 343, 345, 347, 355, 393, 396
AdKeto, 144
amnesiac (amn), 192
amplification, 354
annotation, 338
antibiotic resistance, 88, 90
array, 274
bacterial carotene ketolase, see also Bacterial carotene
ketolase (CrtW)
bacterial carotenoid desaturase/isomerase, see also
		
Bacterial carotenoid desaturase/isomerase (CrtI)
bacterial CHY, see also Bacterial CHY (CrtZ)
bacterial lycopene β-cyclase (CrtY), see also Bacterial
lycopene β-cyclase (CrtY)
bacterial phytoene synthase, see also Bacterial
		
phytoene synthase (CrtB)
bacterial, see also Bacteria or Bacterial
Bt-R1, 73
calcineurin A, 270
Cathepsin B, see also Cathepsin B
Ccs, 144

centric-analysis, 338, 339, 342
cloning, 354
CNTF, see also Ciliary neurotrophic factor (CNTF)
coding, 87
deletion, 274
delivery, 85, 86, 88, 238, 243
Dunce (dnc), 192
expression, 85-88, 118, 120, 236, 239, 243, 262, 263,
274, 281, 282, 284, 286-293, 310, 312, 317, 364,
396
fibrillin, 149
fluc, 239
geraniol synthase, see also Geraniol synthase (GES)
germline, 7
GFP, see also Green fluorescent protein (GFP)
gustatory receptor, see also Gustatory receptor (Gr)
HGPRTase, see also Hypoxanthine guanine
		
phosphoribosyl transferase (HGPRTase)
iduronidase alpha-L, see also Iduronidase alpha-L 		
(IDUA)
immunoglobulin, 3
inaF, 195
knockout, 286
LeHY5, 150
luciferase, 239, 272
manganese-peroxidase, see also Manganese- 			
peroxidase (MnP)
manipulation, 261, 268
olfactory receptor, 188
oxygenase, 148
p53, 85
par-1, 263
patenting, 400
ply, 73
promoter, 272
psbA, 55
PSY, 146, 148, 149
PSY1, 149
RbcS, 146
RecA+, 90
regulation, 396
related diseases, 83
reporter, 268, 270, 272
rRNA, 336
rutabaga (rut) gene, 192
S-adenosylmethionine decarboxylase, see also S adeno
sylmethionine decarboxylase (ySAMdc)
sequences, 191
sequencing, 14, 211
silencing, 235, 262, 263, 266, 267, 274
SjGCP, 267
therapy, 83-88, 102, 239, 240, 272, 306
toluene o-monooxygenase, see also Toluene
		
o-monooxygenase (TOM)
toxin-producing, 58
transcript, 144, 149
transfer, 59, 241, 244, 306, 312
transglutaminase, 208, 216, 217
trapping, 274
UGTCs2, 143
vectors, 100
VH, 8
VL, 8
ZEP, 151
α-toxin, see also α-toxin
ß 1,4-N-acetylglucosaminyltransferase III, 20
ß-carotene ketolase, see also ß-carotene ketolase 		
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(CrtO)
ß-cyclase, see also ß-cyclase
Genetic, 84, 183, 195
adjuvants, 237
alterations, 282, 293
analysis, 145
approaches, 153, 267
blueprint, 354
breeding, see also Breeding
code, 87, 348
control, 188
database, 396
decoding, 227
determinants, 336
diseases, 85
disorders, 84, 320
elements, 268
engineering, 3, 8, 9, 58, 73, 139, 145, 196, 205, 206,
		
208, 215, 232, 244
expression, 188
hinge structures, 9
information, 364
manipulation, 195, 224, 232, 240
maps, 275
mapping, 195
material, 239
mechanism, 2, 195
modifications, 240
mutations, 298
pathway, 139
processes, 194
system, 179
therapies, 87
transformation, 52, 55
tool, 263
units, 85
Genetically modified organism (GMO), 44
Genome, 1, 2, 29, 87, 142, 148, 191, 241, 262, 268, 272,
337-339, 341-343, 345-347, 365
Accumulibacter phosphatis see also Accumulibacter 		
phosphatis
Cloacamonas acidaminovorans, see also 				
Cloacamonas acidaminovorans
genome-wide RNA interference, 263
genome-scale metabolic network, 287
genome-scale metabolic pathways, 282, 293
Kuenenia stuttgartiensis, see also Kuenenia
		
stuttgartiensis
Methylotenera species, see also Methylotenera species
microbes, see also Microbes
nuclear, 146
parasite, see also Parasite
picornavirus, see also Picornavirus
plant, see also Plants
plastid, 146
RNA, see also RNA
Schistosoma genome project, see also Schistosoma 		
mansoni
schistosome, see also Schistosomes
sequences, 228, 274, 341, 347, 354
virus, see also Virus
whole-genome shotgun, see also Whole-genome shot
		
gun (WGS)
Genomic DNA (gDNA), 93, 94, 96, 98, 99, 102-104, 274
Gentiana lutea, 152
Geraniol synthase (GES),
gene, 150
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Geraniol, 150
synthase, see also Geraniol synthase (GES)
Geranylgeranylgeranylgeranyl diphosphate, 140, 149
Gibberellin (GA), 149
Glaucoma, 298
Glomeruli (GL), 184
Glucagon-like peptide 1 (GLP-1), 234, 235
Glucose transporter (SGTP1), 264
Glucose-6-phosphate dehydrogenase, 91
Glutamic oxaloacetic transaminase (GOT), 121
Glutamic-pyruvic transaminase (GTP), 121
Glutamine,
protein bound, 206
Glutathione S-transferase (GST), 43, 50, 52, 55, 56, 59,
104, 355
Glutathione synthetase (GS), 56
Glutathione, 56, 104
reduced, 50
Gluten, 205
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 264
Glycine betaine, 341
synthesis, 232
Glycogen synthase kinase, 74
Glycoprotein, 14, 23, 25, 26, 28
envelope (E2), 235
sialylate, 28
vesicular stomatitis, see also Vesicular Stomatitis Virus
glycoprotein (VSVG)
Glycosaminoglycans (GAGs), 240
hydrogel, 119
Glycoside hydrolase, 342
Glycosyl transferases, 18, 28
Glycosylation, 12, 18, 21, 26-29, 232
antibody, see also Antibody
engineering, 2
O-linked, 355
trichloroethanol, see also Trichloroethanol (TCEOH)
Glycosylphosphatidyl-inositol (GPI), 16
anchored proteins, 73
anchored receptors, 74
Glycosyltransferase, 28, 49-51
mamallian, 28
Glyoxylate cycle inhibitor, 362
Goblet cells, 123, 124
Golgi, 230
apparatus, 26
compartments, 20
protease, 76
Gossypium arboreum, 57
Granulocyte macrophage colony-stimulating factor (GMCSF), 238
Gravesites, 181
Green fluorescent protein (GFP), 226, 231, 235, 244, 270
gene, 268
enhanced green fluorescent protein (EGFP), 270, 272
Green opsin, 315, 316
Gustatory input, 191
Gustatory receptor (Gr),
gene, 191
HaCaT cells, 76, 77
cell line, 123
Haematin, 266
Haematococcus, 148, 152
Haematopoietic stem cells (HSCs), 239, 240, 243
Haplotype mapping, 307
Hawk moths, 181, 182
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HB9, 313
Heat shock protein 70 (HSP70),
promoter, 270
smHSP70, 270
HeLa cells, 76-78, 244
Helicoverpa zea, 182, 183
Heliothis virescens, 73
Hemoglobin, 170
Hemopoietic cells, 15
Hep3B cells, 125
Heparin sulphate, 119
Hepatosplenomegaly, 262
Heptasaccharide, 11-13
Herbicides, 49, 52, 56
chlorinated, 44, 56
chloroacetanilide, 49, 56
triazine, 49
Hes1, 315
Hes5, 315
Hey1, 135
High content screening (HCS), 129, 130
High performance liquid chromatography (HPLC), 57, 102
Hippocampal dentate gyrus, 298, 309, 310
HIV, 86
HNF3ß, 313
Homeobix B4 (HOXB4), 240, 241, 313
Homeobix B9 (HOXB9), 313
Homopurine sequence, 104
Honey bees, 180-183, 188, 189, 193
Hormones, 58, 142, 212, 234
Human anti-chimeric antibody (HACA), 3
Human anti-human antibody (HAHA), 3
Human Genome Project, 348
Human melanoma (Bro) spheroids, 126
Human proteins, 355, 363
Human,
anti-VEGF, 307
antibody, see also Antibody
anti-chimeric antibody see also Human anti-chimeric
antibody (HACA)
anti-human, see also Human anti-human antibody 		
(HAHA)
anti-mouse, see also Human anti-mouse antibody 		
(HAMA)
disease, 244, 282, 363
growth factor (VEGF), 302
proteins, see also Human protein
vascular endothelial growth factor, see also Vascular 		
endothelial
Hyaluronan, 128
Hybridoma, 12,
cells, 2
Hydrodynamic radius, 96, 98
Hydrophobic interaction chromatography (HIC), 96, 101,
102
Hydroxyechinenone, 151
HylC, 75
Hypoxanthine guanine phosphoribosyl transferase
(HGPRTase),
gene, 268
Hypoxia, 164
Iduronidase alpha-L (IDUA),
gene, 240
enzyme, 240
IgA, 4
IgA1, 4

IgA2, 4
IgD, 4
IgE, 4, 26
IgG-Fc, 7-14, 17-23, 25-29
galactosylation, 18, 19, 24
glycoforms, 13, 14, 18, 21, 23, 25, 26
glycosylated, 14
interactions, 7
oligosaccharides, see also Oligosaccharides
polyclonal, 21
receptors, 14, 18, 27
IgG, 4-7, 9-13, 15-23, 25-29, 237
antigen complex, 16
binding proteins, 27
glycoforms, 11, 17, 20, 21
glycosylation, 17, 24, 25, 26
IgG-Fc receptor proteins, 27
human myeloma IgG proteins, 18, 21, 26
IgG1, 4, 9, 15, 21-25
IgG2, 4, 9, 15, 21-24
IgG3, 4, 7, 9, 15, 21-24
IgG4, 4, 9, 15, 21-24
IgG-Fc, see also IgG-Fc
therapeutics, 19, 29
IgG2a antihuman CD3, 3
IgM, 4
rheumatoid factor, 13
Illumina technology, 345
Immobilized metal ion-affinity (IMAC), 103
Immune response, 2-4, 8, 15, 74, 85, 237, 241, 319, 321
adaptive, 3, 4, 67, 68
cellular, 2
humoral, 2
innate, 3, 67-69
protective, 25
regulators, 237
Immune system 3, 17, 27, 67-69, 236
adaptive, 69, 76, 78, 237
cellular, 85
innate, 3, 4, 68, 76, 78, 237
Immune,
cells, 78
complex, 2, 6, 7, 14-16, 24, 25
evasion, 264, 268
function, 242
protection, 3
recognition, 27
rejection, 306, 308, 310, 317, 319, 321
response, see also Immune response
site, 319
system, see also Immune system
Immunoglobulin or Ig fold, 1, 5
Immunoglobulin, 236, 307
fragments, 236
fold, see also Immunoglobulin or Ig fold
genes see also Genes
domain, 1
sequence database, 25
structure/function relationship, 1
surface, 27
Immunoreceptor tyrosine-based activation motif (ITAM),
16, 243
Immunosuppressant, 3
Immunotyrosine inhibitory motif (ITIM), 16
Impatiens balsamina, 233
Induced systemic resistance (ISR), 58
Inflammatory bowel disease, 16
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Inflammatory diseases 17, 19, 25
Inflammatory reactions, 3, 17
Inflammatory,
bowel disease see also Inflammatory bowel disease
cascade, 10
cells, 76, 78
mechanism, 3
molecules, 69
nature, 72
reactions, 17
response, 14, 18, 74, 78, 172, 319
states, 18
Influenza, 86
Inner nuclear layer (INL), 300, 303
Inner plexiform layer (IPL), 301, 303, 304
Insecticide, 49
Insects, 3, 44, 58, 140, 179-182, 184, 186-191, 192, 194-196
cells, 28, 355
olfaction, 179-183, 189
olfactory system, 184
protocerebrum, 186
resistant, 73
Sf2-cell line, 28
SfSWT-1, 28
Insulin-like growth factor (IGF), 302
Insulin, 28
Interferon,
IFN-α, 76, 77
IFN-γ, 237, 238
Interleukins,
IL-1α, 73
IL-1β, 68, 69, 73
IL-6, 68
IL-8, 69, 73
IL-10, 319
IL-12, 237, 238
IL-18, 73
IL-23, 238
IL-27, 238
p2AIL-12, 238
Intermedilysin (ILY), 67
Internal ribosome entry site (IRES), 225, 240, 242, 243, 245
elements, 239, 241
Ion-exchange chromatography, 96, 101
Irx3, 313
Isopentenylisopentenyl phosphate, 140
Isoprenoid, 139, 140, 142, 149, 150, 152
biosynthesis, 144
Isoproturon, 52
JNK, 68
pathways, 72
phosphorylation, 68
Kenyon cells, 188, 193
Keratinocytes, 124, 312
Ketocarotenoids, 143, 144, 146-149, 151, 152, 234
biosynthesis, 147
synthesis, 144, 152
Ketokonazole, 125
Ketolase,
enzyme, 146
Ketozeaxanthin, 149, 151, 152
Kex2-dependent cleavage, 216
Kidney, 77, 292
cells, 74
organoids, 119
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transplant, 3
Knowledge-Based Bio-Economy (KBBE), 371, 377-379,
381
KBBE-NET, 379, 380
Koniocellular (K), 304
neurons, 304
pathways, 305
Kuenenia stuttgartiensis,
genome, 342
Lactate dehydrogenase (LDH), 121
Ladderane biosynthesis, 342
Laminin, 118, 127
laminin-I, 119, 127, 128
Lateral geniculate nucleus (LGN), 303-305
Lateral horn (LH), 183, 184, 186-188
Lead market initiative (LMI), 383, 384
Leber’s congenital amaurosis, 306
Lectin pathway, 24, 25, 68
Lectin-binding pathway, 68
Lefty-A, 314, 316, 317
Lemna minor, 28, 51
Lepidoptera Bombycidae, 194
Leptospirillum, 341
group II, 339, 346
group III, 339, 341
Leucocytes, 3, 15, 22, 24
Leukemia, 16, 85
Leukotoxins, 66, 74
Light detection and ranging (LIDAR), 182
Light-sheet-based fluorescence microscope (LSFM), 129,
130
Linear programming (LP), 286
Linuron, 52
Lipid, 124, 307
biosynthesis, 76
metabolism, 76-78
pathway, 76
phospholipid, see also Phospholipids
Listeria monocytogenes, 69
Listeria, 66
Listeriolysin (LLO), 69, 76
Liver, 18, 125, 126, 129, 262, 292
cells, 120
fibrosis, 262
green, 46, 50, 52, 55, 56, 59
guinea pig, 206
HepG2, 120
mammalian, 46, 50
metastasis, 86
specific function, 118, 121, 122, 125, 126, 128
toxicity, 125
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gene, see also Genes
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Lutein, 142, 147, 148, 152
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Lycopene cleavage dioxygenase (BoLCD), 143
Lycopene β-cyclase (LCY-b), 141, 146, 149
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Lycopene, 143, 146, 148-150
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Malaria, 86, 262
Maltose-binding protein, 355
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Manduca sexta, 73, 180, 182, 190, 191, 193
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cadherin receptor for Cry1Ab (Bt-R1)
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pathway, 72, 74, 76, 78
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Metabolism, 45, 47, 50-52, 55, 56, 58, 59, 125, 139, 282, 284,
288, 292, 293, 339, 341, 343, 345
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carbon, 291, 342
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cellular, 281-285, 292, 293
glucose, 344
human, 281-283, 287, 289, 290, 293
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nitrogen, 341
organic compounds, 43, 44
pathway, 74
PCP, see also Pentachlorophenol (PCP)
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xenobiotics, see also Xenobiotics
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Metabolites, 47, 50, 55, 126, 149, 150, 282, 283, 285, 292
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toxic, 43, 52
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Metagenomics, 335-339, 341-348
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sequencing, 342, 343, 346, 347
Metalloprotease, 211, 212, 264
matrix metalloproteases-2, 318
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Metaproteome, 347
Metaproteomics, 335-337, 346
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Metaproteomics, 335-337, 346
Metatranscriptomics, 335-337, 345, 346
Methaloprotease, 66
Methotrexate, 3, 124
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Microbial transglutaminase, 205, 206, 208, 210, 211, 217
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recombinant, 205, 214
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Microplitis croceipes, 180, 182, 183, 195
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Mitf, 314-317
Mitochondria, 70, 167, 231, 240
Mitogen activated protein kinase (MAPK),
pathways, 68
Mixed integer linear programming (MILP), 286, 290, 291
Molecular replacement (MR), 358
Molluscides, 249
Moloney murine leukaemia virus (MMLV), 272
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Monocytes, 15, 70, 78
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Multiprotein inflammasome complexes, 76
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Mycobacterium leprae, 237
Mycobacterium tuberculosis, 237, 238, 363
Myosin, 206
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N-acetylglucosamine, 11-13, 17, 20, 23, 25
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Natural killer cells (NK), 16, 19, 21
Necrosis, 70, 78
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Neomycin phosphotransferase, 274
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Neoxanthin, 142
biosynthesis, 142
synthase, see also Neoxanthin synthase (NXS)
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cells, see also Cells
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artificial, 192
dynamical, 194
response, 190
Neural retina, 299, 309, 314
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Neuroblastoma cells, 72
Neurogenesis, 298
Neuroinformatics, 377
Neutrophils, 16, 22, 70, 78
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Nitric oxide,
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Odourant, 179, 181-189, 194, 196
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Olfactory receptor neurons (ORNs), 184, 186-188, 191, 192
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IgG-Fab, 26
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protein interaction, see also Proteins
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Oncosis, 70, 72, 78
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Ophthalmoscopic fundus abnormalities, 305
Optic nerve, 298, 299, 305
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Oryza sativa, 55, 146
Otx2, 313, 315
Outer nuclear layer (ONL), 300, 308, 309, 318
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P38, 74
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Paracoccus, 147, 149, 152, 234
Parasite, 237, 262-264, 267, 268, 270, 272
blood-feeling, 272
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Patent reform, 389-391, 400, 403
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Pathogen, 2-4, 27, 66, 68, 69, 77, 140, 142, 238, 364
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fungal, 233
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Pentachlorophenol monooxygenase (pcp),
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Peptide, 25, 104, 128, 227, 230, 233-235, 243, 346, 347
2A, 225, 226, 228, 231, 236-238, 240, 241-245
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(GLP-1)
oligopeptide, 125, 128, 225-227
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Peroxisomes,
Pesticides, 44, 46, 49, 51, 52, 55, 58
metabolism of, 52
Phage display, 8
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Phagocytosis, 15, 22, 68, 302, 319
Pheromones, 180
detection, 186
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Photooxidative damage, 140
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rod, 300, 302, 315, 317, 318, 320
signaling, 302
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transplantation, 298, 308, 309, 317-321
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profiling, 338, 339, 344, 345
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Phytanoyl-CoA hydoxylase, 363
Phytoene desaturase (PDS), 140, 145, 146
Phytoene, 140, 146, 149, 150, 151
deasturase, see also Phytoene desaturase (PDS)
synthase, see also Phytoene synthase (PSY)
Phytoenephytoene synthase (PSY), 140, 145, 148, 149
gene, see also Genes
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Phytofluene, 151
Phytoplankton, 49
Phytoremediation, 43-47, 49-52, 55-59
Phytostabilization, 46
Phytotransformation, 45
Phytovolatilization, 45
Pichia pastoris, 28, 232, 355
Picornaviridae, 225, 228
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genome, 225
Picrocrocin, 132
Pigment epithelium derived factor (PEDF), 302, 306, 319
Pinocytotic vacuoles, 23
Planctomycetes, 343
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cells, 231
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enzyme, see also Enzyme
genome, 232, 235
pathogen, see also Pathogen
tissue, 45, 49, 51, 52, 57, 58
transgenic, 43, 44, 52, 55-59, 149, 151, 152, 224, 		
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membrane, 68-70, 77, 78, 230, 233, 238, 244
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purification, 84, 95, 96, 98, 101, 103-105
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therapeutic products, 84
vaccine, 88
Plastids, 140, 142, 143, 146, 147, 149, 152, 153, 231, 234
genome, see also Genome
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EPA priority, 48
hydrophobic, 57
organic, 44, 45, 47, 52
toxic, 44, 47, 58
xenobiotic, 45, 58
Polyadenylation signal sequence, 88
Polyaromatic hydrocarbon (PAH), 45, 47
Polychlorinated biphenyl (PCB), 47
Polychlorinated phenols, 44
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Polypeptide, 223, 224, 231, 236, 237, 338
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transmembrane, 241
Populus alba, 55, 56
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Populus tremula, 56
Porcine tescho virus (P2A), 240
Pore forming toxins (PFT), 65, 66, 69, 70, 72-74, 76-78
α-PFT, 66
β-PFT, 66, 70
Cry-5, 76
Post-translational, 231, 234
modification, 4, 9, 28, 232, 284, 355
Potato virus X (PVX), 235
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Pro-transglutaminase (Pro-TGase), 211, 212, 214-216
gene, 208
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Prokaryotes, 28
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CMV, 272
eukaryotic, see also Eukaryotic
gene, see also Genes
HSP70, see also Heat shock protein 70 (HSP70)
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Napin, 147
patatin, 150
plastid, see also Plastids
Pol III, 267
sequence, 146, 272
SmAct1.1, 274
Proteases, 65, 211, 213, 214, 216, 217, 266, 274
cathepsin B1, 274
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subtilisin, 355
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AtABA4, 142
bacterial, see also Bacterial protein
Bcl-XL, see also Bcl-XL
biogenesis, 245
C1q, see also C1Q
C1r, see also C1r
C1s, see also C1s
cAMP dependent protein kinase, see also cAMP
		
dependent protein kinase (PKA)
cAMP-response element binding, see also cAMP-		
response element binding protein (CREB)
capsid, see also Capsid protein
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cell-surface, 68
coat protein, see also Coat protein (CP)
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Discosoma sp red fluorescent protein, see also
		
Discosoma sp. red fluorescent protein (DsRED)
Dkk-1, see also Dkk-1
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drug complexes, 363
engineering, 8, 9, 23, 24
eukaryotic, see also Eukaryotic protein
expression, 92, 231, 232, 242, 354, 355
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fluorescent, 189, 244
foot-and-mouth disease virus protein, see also Foot-		
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fusion, 21, 22, 234, 235, 239
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G protein, 302
G-protein, see also G-protein
glycoprotein, see also Glycoprotein
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glycosylphosphatidyl-inositol (GPI)-anchored, see also
Glycosylphosphatidyl-inositol (GPI)-anchored 		
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(HSP70)
human, see also Human proteins
IgG, see also IgG
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kinase A, see also Protein Kinase A (PKA)
kinase B, see also Protein Kinase B (Akt or PKB)
lacI, 104
lefty-A, see also Lefty-A
lipoprotein, 151
maltose-binding, see also Maltose-binding proteins
Manduca sexta cadherin receptor for Cry1Ab, see also
Manduca sexta cadherin receptor for Cry1Ab 		
(Bt-R1)
membrane, see also Membrane-proteins
mitogen activated protein kinase, see also Mitogen 		
activated protein kinase (MAPK)
modification, 217, 232
moiety, 5, 9, 14
movement protein, see also Movement protein (MP)
odourant binding, 181
oligosaccharide interaction, 12, 14
p38 see also p38
plasma, see also Plasma
plastid-associated, 151, 153
polyprotein, 149, 225, 226, 228, 231-234, 237, 245
protein-protein interaction, 396
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reporter, 226, 227
RISC-associated, see also RNA-induced silencing 		
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sequence, 4, 28, 354
serum, 25, 307
signaling, 397
soy, 206
stability, 231, 245
staphylococcal protein A, see also Staphylococcal
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sterol responsive element binding see also Sterol
		
responsive element binding proteins (SREBP)
streptococcal protein G, see also Streptococcal protein
G (SpG)
structure, 19, 143, 353, 354, 358, 361-365, 396
subtilisin inhibitor, 212
synthesis, 77, 84, 225, 284
TNF receptor fusion, see also TNF receptor fusion 		
protein
translation, 263
translocation, 129,
unfolded see also Unfolded proteins (UPR)
viral, see also Viral

virus, see also Virus
wheat, 206
whey, 206
yellow fluorescent protein, see also Yellow fluorescent
protein (YFP)
zinc transporter, 52
β-zein, 234
δ-zein, 234
Proteome, 1, 5
Proteomics, 148, 346, 353, 354, 362, 363, 396, 399
analysis, 343
structural, see also Structural proteomics (SP)
Protien Kinase A (PKA), 72
Provitamin A, 140, 145, 147, 150
Pseudomonas gladioli, 57
Pyroptosis, 68, 73, 78
Quadratic programming (QP), 286
Quercus robur, 58
Rabies,
vaccine, 87, 102
Radiation-damage-induced phasing (RIP), 359
Ranibizumab, 307
Raphanus sativus antifungal peptide 2 (RsAFP2), 233
Real time polymerase chain reaction (RT-PCR), 268, 270,
272, 274, 313
Recombinase, 90
Recoverin, 309, 316, 317
Red blood cells, 16
Red fluorescent protein (RFP), 231, 244
Red opsin, 315, 316
Refsum disease, 363
Registration, evaluation and authorisation of chemicals in
the European
Union (REACH legislation), 117, 118, 124
Reoviridae, 228
Respiratory burst, 15
Retinal cells, 308, 309, 311, 314, 317, 318, 320
ganglion, 298-304, 306
Retinal pigment epithelium (RPE), 298, 299, 302, 305, 306,
308, 311, 312, 314, 315, 317, 319, 320
cells, 298, 302, 306, 307, 319, 320
degeneration, 307
degradation of, 307
differentiation, 315
marker, 315
sheets, 320
transplantation, 308, 319, 320
Retinitis pigmentosa (RP), 298, 305, 306
retina, 306
Retinoic acid inducible gene-I-like receptors, 68
Retinoic acid, 312-317
Retrogenic (RG), 242, 243
Retrotransposons, 224, 272
Reversed-phase chromatography, 101
Rheumatic disease, 17
Rheumatoid arthritis (RA), 3, 17, 19
Rheumatoid factor (RF), 10, 19
IgM, see also IgM
Rhizofiltration, 45
Rhizosphere bioremediation, 45
Rhodopsin, 309, 315-317
knockout mice, 309
Ribosome, 224, 228, 230, 231, 364
RNA inhibition or interference (RNAi), 28, 73, 84, 262-264,
266-268, 272, 274
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schistosome, see also Schistosomes
RNA-induced silencing complex (RISC), 264
associated protein, 264
RNA, 84, 94, 95, 96, 98-100, 102, 104, 268, 272, 345, 364
antisense, 70, 263
double-stranded, see also Double-stranded RNA 		
(dsRNA),
genome, 272
micro, 84
messenger or mRNA, see also mRNA
positive-sense, 225, 237
replication, 237
rRNA, see also rRNA
RNA-1, 237
RNA-2, 237
RNAi, see also RNA inhibition or interference (RNAi)
silencing, 263
single-stranded, 228
RNase, 98, 100
RNaseIII, 264
Rotating well vessel (RWV), 126
rRNA,
16S, 336, 339, 344
S-adenosylmethionine decarboxylase (ySAMdc),
gene, 150
Saccharomyces cerevisiae, 231, 232
Safranal, 142, 143
Salix viminalis, 51
Salmonella, 364
Scaffold, 1, 2, 122, 123, 167, 169, 170, 172, 173, 339, 341,
343, 345-347
alginate, see also Alginate
cryogel, 128
ECM-like 119
exogenous, 120
metagenomic, 345
methylotenera, 345
microscaffold, 122
polymer, 170
porosity, 169
porous, 120
protein, see also Proteins
synthetic, 127
Schistocerca americana, 188
Schistosoma haematobium, 261
Schistosoma intercalatum, 261
Schistosoma japonicum, 261, 267, 272
Schistosoma mansoni 261
genome, 272, 274, 275
genome project, 261, 262, 268
genome sequence, 274
Schistosoma mekongi, 261
Schistosomes, 261-264, 266-268, 270, 272, 274, 275
genome, 272, 274
intestinal, 261
metabolism, 264
protease, see also Proteases
RNAi, 264, 267, 274
transgenic, see also Transgenic
urinary, 261
Schistosomiasis, 261, 262, 267, 268
Schizophrenia, 282
Sclera, 298
Semi-defined medium containing casamino acids (SDCAS),
92
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Semi-defined medium containing soya amino acids (SDSOY), 92
Sensilla hairs, 184, 186
Sensilla, 186, 188
antennal, 189
coeloconic, 188
hairs, see also Sensilla hairs
olfactory, 187
yrichoid, 188
Sensors, 179, 181, 183, 186, 189, 191, 194
biological, 195
biosensor, 195, 196
chemical, 182
fluorescent microbead chemosensors, 193
programmable, 179, 181-183, 189, 194, 195
Sensory neurons, 184
sEpstein-Barr virus,
induced gene 3 (EBI3), 238
Serum-free floating culture of embryoid body-like aggregates
(SFEB), 313-315
culture, 313-315
method, 313
Shear stress, 94, 169
Sialic acid, 11, 12, 18, 28, 29
Sialylation, 11, 18, 23, 26
Sialyltransferase, 18, 28
Siderophoress, 58
Signal recognition particle (SRP), 230
receptor, 230
Simazine, 49
Single nucleotide polymorphism analysis, 307
Single plane illumination microscope (SPIM), 129
Single wavelength anomalous dispersion (SAD), 358, 359
Single-chain variable fragment gene fusions (scFv), 236
Six3, 314
Size-exclusion chromatography (SEC), 96, 98-100
Small angle X-ray scattering (SAXS), 364
Small hairpin RNAs (shRNAs), 263, 264, 267
Small Interfering RNA (siRNA), 266-268
Solanesol, 152
Solanum lycopersicum, 148
Solanum phureja, 150, 151
Solanum tuberosum, 150, 151
Somatostatin, 319
Sonic hedgehog (Shh), 311, 313-315
Sparse matrix crystallization screens, 356
Spheroids, 120, 122, 126
biochip, 126
cellular, 122, 125, 130
heart muscle, 127
hepatocyte, 120, 126
HepG2, 126
Sphingobium chlorophenolicum, 57
Spikes, 184, 193
Spirodela punctata, 51
Squamous cell carcinoma, 86
Stable isotope probing, 344
Standing committee for agriculture research (SCAR), 379,
380
Staphylococcal protein A (SpA), 10
Staphylococcus aureus, 66, 70, 74
Staurosporine, 127
Stem cells 239-242, 298, 309, 310
embryonic, see also Embryonic stem cell (ESC) or 		
(ES)
haematopoietic, see also Haematopoietic stem cells 		
(HSCs)
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neural, 298, 309-314
pluripotent, 298
Sterol responsive element binding proteins (SREBP), 76
transcription factor, see also Transcription factors (TF)
Strategic research agenda (SRA), 381
Streptococcal protein G (SpG), 10
Streptococcus intermedius, 67
Streptococcus pneumoniae, 15, 69, 73
Streptococcus, 66
Streptolysin O (SLO), 69, 73, 74, 76, 77
Streptomyces hygroscopicus, 208, 211, 212
Streptomyces lividan, 208
Streptomyces sp., 208
transglutaminase, see also Transglutaminase (TGase)
Streptoverticillium cinnamoneus, 208
transglutaminase, see also Transglutaminase (TGase)
Streptoverticillium ladakanum, 208
Streptoverticillium mobaraensis, 206, 208, 211, 212, 216
transglutaminase, see also Transglutaminase (TGase)
Streptoverticillium platensis,
transglutaminase, see also Transglutaminase (TGase)
Stromal cell-derived inducing activity (SDIA), 312, 313
treatment, 313
Structural proteomics (SP), 353-355, 361-365
Suaeda salsa, 232
Subgranular zone (SGZ), 298, 309, 310
Subventricular zone (SVZ), 298, 309, 310
Supercoiled (sc) DNA, 87
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