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In recent years, plant biotechnology has almost reached
maturity. Transgenic plants engineered to be herbicide- or
insect-resistant are outcompeting conventional crop plants and
pest managing strategies leading to a major rethinking of the
chemical industry. Due to worldwide efforts to study genome
function, almost any gene of interest is, or will soon be
available. Thus, identification of gene function will be the major
challenge of the next few years. In combination with
established gene-delivery systems and desired promoter and
targetting sequences, gene discovery will open a fascinating
and new field of crop plant design. Transgenic plants
engineered to produce superior polypeptides have already
been created and the first examples are entering clinical and
industrial trials.
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Abbreviations
avr avirulence
Bt Bacillus thuringiensis
CT cholera toxin
LT heat-labile toxin
PAP pokeweed antiviral protein
RIP ribosome-inactivating protein

Introduction
Tremendous progress in plant molecular biology over the
past two decades has opened ample opportunities to
improve crop plants in a way not feasible a few years ago.
Among other compounds, the production of foreign pro-
teins in plants has become an attractive alternative to
conventional production systems (i.e. microbial and yeast
production systems). The use of plants as bioreactors is of
special interest as they allow production of recombinant
proteins in large quantities and at relatively low costs. In
addition, formulated in seeds, plant-made enzymes have
been found to be extremely stable, reducing storage and
shipping costs. Furthermore, production size is flexible
and easily adjustable to the needs of changing markets. 

The main objectives of creating transgenic plants are
attempts to engineer metabolic pathways for the production
of tailor-made plant polymers or low molecular weight com-
pounds, increased resistance towards pathogens and
pesticides, improved food quality, and the production of
polypeptides for pharmaceutical or technical use [1,2].

Plant-made vaccines or antibodies (plantibodies) are espe-
cially attractive as plants are free of human diseases, reducing
screening costs for viruses and bacterial toxins. Production of
engineered antibodies [3•] and subunit vaccines in plants [4]
turned out to be very efficient and led to the first clinical tri-
als with plant-produced vaccines and plantibodies.

In this review, we will focus on recent developments in the
use of transgenic plants, paying particular attention to
engineered resistance mechanisms, modified foodstuff and
production of technical enzymes.

Resistance against pathogens
Insects and nematodes
Insecticidal plants have been created by the expression of
Bacillus thuringiensis (Bt) δ-endotoxins, proteinase
inhibitors directed against diverse proteinases, α-amylase,
lectins, polyphenol oxidases and chitinase [5•]. The Bt tox-
ins were the first insecticidal proteins discovered and they
have been subject to extensive ameliorations for expres-
sion in plants. Strategies to improve expression in plants
include an increased G/C content, the use of plant-pre-
ferred codons, and the removal of improper splice sites and
polyadenylation signals [5•]. To further increase the level
of Bt toxin in transgenic plants, the suitability of plastid
transformation has been explored [6]. As in each meso-
phyll cell there may be as many as 100 chloroplasts, each
with about 100 copies of the plastid genome, the plastidic
genome provides an enormous potential for overexpres-
sion in homotransplastomic plant lines (in which all
plastidic genomes have been transformed). Thus, it is not
surprising that expression of unmodified Bt crystal protox-
in (Bt kurstaki HD73 crylA) from the plastid rRNA operon
promoter resulted in an accumulation of 3–5% of total sol-
uble protein in tobacco leaves. The tobacco plants were
highly resistant against larvae of Heliothis virescens,
Helicoverpa zea and Spodoptera exigua [6].

Currently, the use of Bt toxins is expanding to a vast vari-
ety of different plant species as transformation technology
is improving. Recently the Bt cryIA(c) gene has been trans-
formed into peanut plants resulting in improved protection
against lesser cornstalk borer [7]. 

In addition, new proteins with insecticidal properties have
been identified, including cholesterol oxidase in
Streptomyces culture filtrates and vegetative insecticidal
proteins from different Bacillus species. To improve pest
management, new strategies will probably have to use
combinations of different antipathogenic proteins to avoid
easy escape from resistance by simple mutations [8].

The latter approach has recently been employed as a tool to
combat nematodes by constructing dual proteinase inhibitors
[9•]. Urwin et al. introduced cysteine and serine proteinase
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inhibitors as translational fusions into Arabidopsis thaliana.
The linkers between the inhibitors were selected to be
either cleaved or not cleaved in planta. Analysis of cyst and
root-knot nematodes revealed ingestion of the non-cleavable
dual inhibitor. This dual inhibitor showed an additive effect
on resistance over either inhibitor delivered individually. 

Viruses and fungi
Early attempts to achieve virus-resistance were based on
genes encoding viral coat proteins, replicases, movement
proteins, and defective interfering RNAs and DNAs con-
ferring pathogen-derived resistance [10]. In addition,
approaches interfering with processes common to multiple
plant viruses have been explored, including expression of
ribosome-inactivating proteins (RIPs) and ribonucleases
specific for double stranded-RNA molecules. RIPs remove
catalytically an adenine residue from a specific site in the
large rRNA of eukaryotic and prokaryotic ribosomes,
thereby inhibiting protein synthesis. RIPs from different
plant species differ significantly in their substrate speci-
ficity. A RIP isolated from Phytolacca americana, also called
pokeweed antiviral protein (PAP), can depurinate both
eukaryotic and prokaryotic ribosomes. On the other hand,
a barley RIP was found to be mainly active on fungal ribo-
somes and to confer resistance to fungal infections [11].
Thus, it was thought that the employment of RIPs with
different specificities may be a tool to create protection
against different classes of pathogens. The expression of
RIPs with activity also against plant ribosomes, such as
PAP from Phytolacca americana, however, has deleterious
effects on the transgenic plants. This finding resulted in a
search for nontoxic PAP mutants by random mutagenesis
and selection in yeast [12]. The expression of two nontox-
ic PAP mutants without enzymatic activity gave rise to
transgenic tobacco which were indistinguishable from
wild-type plants [13]. Interestingly, these plants constitu-
tively overexpressed pathogenesis-related proteins and
displayed resistance to the fungal pathogen Rhizoctonia
solani in the absence of salicylate. These experiments
showed that the mechanism conferring fungal resistance
does not rely on inactivating fungal ribosomes. 

Wild-type scions grafted on transgenic PAP-expressing
rootstock displayed increased resistance against potato
virus X and tobacco mosaic virus [14]. The wild-type por-
tion of the graft neither showed expression of PAP and
pathogenesis related-proteins nor elevated levels of sali-
cylic acid. The mechanism by which PAP led to viral and
fungal resistance, however, is not understood.

Inducible resistance-gene/avirulence-gene pairs
In many cases, resistance can be attributed to single loci
(resistance genes) in crop plants matching corresponding
avirulence (avr) genes on the pathogen side (incompatible
reaction). The nature of bacterial avr-genes and their
recognition within plant cells has recently been summer-
ized [15]. The incompatible reaction is often associated
with rapid cell death at the site of infection, referred to as

a hypersensitive response, preventing further infection by
the pathogen. It has become conceivable that broad resis-
tance can be obtained if matching pairs of
resistance-genes/avr-genes are ectopically expressed. If
events downstream to the initial recognition of the gene
pair are conserved among different plant cultivars and
plant species, however, constitutive expression of a match-
ing pair will result in overall plant death. Thus, this
strategy requires the use of chemically or pathogen-
inducible promoters. The number of chemically inducible
promoters is steadily increasing, making their application
for conditional expression of resistance genes feasible [16].
A recent example has been provided by McNellis et al.
[17•]. The authors cloned the avirulence gene avrRpt2
from Pseudomonas syringae pv. tomato behind a glucocorti-
coid-inducible promoter and transformed it into
Arabidopsis thaliana harbouring the corresponding resis-
tance gene RPS2. The transformed construct also
contained the glucocorticoid-regulated transcription factor
behind the constitutive 35S promoter. Induction with dex-
amethasone resulted in the appearance of avrRpt2 protein
after about two hours and hypersensitive response after
about six hours. Due to constitutive expression of the
induction system the hypersensitive collapse of dexam-
ethasone-treated plants finally led to overall plant death. 

From an applied point of view, a more localized induction
of cell death would be required; therefore, Strittmatter
et al. [18] have followed a different strategy. A chimeric
pathogen-inducible promoter (prp1-1) from potato was
used to drive the expression of the bacterial ribonuclease
barnase. To minimize detrimental effects caused by basal
expression of the ribonuclease, the specific RNAse
inhibitor barstar was simultaneously expressed under con-
trol of the CaMV 35S promoter at levels sufficiently high
to inhibit the basal levels of barnase activity. Upon infec-
tion, barnase activity was found to be strongly induced at
the infection site leading to a significant reduction of
Phytophthora infestans sporulation on leaves from transgenic
potato lines expressing the two-component system.

Modified food
Pharmaceutical foodstuff
A growing field of interest refers to the production of par-
maceutical polypeptides such as epidermal growth factor,
erythropoietin, interferon, human protein C, human gluco-
cerebrosidase and others [19,20], and pharmaceutical
foodstuff considered for oral immunization [4]. 

To increase expression levels in the plant and to reduce
purification costs, the coat proteins of tobacco mosaic
virus and alfalfa mosaic virus have been used as carriers
for the expression of antigenic peptides [21–23].
Feeding mice on spinach leaves infected with modified
alfalfa mosaic virus particles containing two rabies epi-
topes led to the stimulation of IgG and IgA synthesis and
protected 40% of the mice against challenge infection
with a lethal dose of rabies virus [24]. 
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Other antigens that have been successfully produced in
transgenic plants include the capsid protein of Norwalk
virus (causal agent of acute gastroenteritis), hepatitis B
surface antigen, subunit B of the heat-labile toxin (LT) of
enterotoxigenic E. coli (causing diarrhea) and subunit B
of cholera toxin (CT) (see Table 1 for recent examples).
The LT- as well as the CT-toxin are composed of six sub-
units: an enzymatically active protein (LT-A and CT-A,
respectively), which enters the epithelial cells of the gut
and initiates diarrhea, and five inactive proteins (LT-B
and CT-B, respectively), which allow binding to the
membranes via specific interactions with the GM1 gan-
gliosides of gut epithelial cells. 

Already in 1995, Haq et al. [25] reported on the successful
production of serum and mucosal antibodies against endo-
plasmic reticulum-targetted LT-B in mice after they had
eaten recombinant potato tubers that produced the protein
at a level of 2 µg/g tuber tissue. Because of low antigen
expression, the authors recently designed a synthetic gene
encoding LT-B by removal of the mRNA destabilizing
motif ATTTA and a putative polyadenylation signal, the
introduction of a plant translation initiation sequence and
the optimization of the codon usage [26]. These alterations
resulted in increased mRNA stability and higher levels of
antigen in transgenic potato plants. Tubers of the highest
expressing lines contained 7.3–17.2 µg LT-B protein/g
tuber tissue. Feeding these potatoes to mice (20 and 50 µg
doses) gave rise to production of anti-LT-B IgG in the
serum and IgA in the mucosal gut to higher levels as com-
pared with controls that were force-fed with 5 µg purified
LT-B from recombinant Escherichia coli. The mice were
partially protected from water loss into the gut when chal-
lenged with 25 µg active LT [26].

Arakawa et al. [27] reported on the expression of endo-
plasmic reticulum-targetted CT-B in transgenic potato
plants. It was found that CT-B refolds into its native pen-
tameric structure in potato tissue, which is a requirement
for retaining its binding capacity to GM1-ganglioside and
full immunogenicity. Subsequently, it was shown that

mice fed with transgenic potato tubers expressing CT-B
showed up to a 60% reduction in diarrheal fluid accumu-
lation in the small intestine of these mice when
challenged with cholera toxin [28]. The area of pharma-
ceutical food has progressed such that it has already
entered the clinical phase. Very recently, feeding human
volunteers with raw transgenic potato tubers expressing
LT-B resulted in significant mucosal and systemic
immune responses proving that the plant-produced pro-
tein remained immunogenic for humans [29•]. The overall
immune response was similar to a challenge of 109 viru-
lent enterotoxigenic E. coli given to human volunteers.
This result allows the development of strategies for oral
immunisation when protective antigens for diseases such
as cholera and diarrhea have been defined.

Probably because of its capacity to bind GM1 ganglio-
sides in the intestine, CT-B appears to be an effective
carrier molecule for the induction of mucosal immunity
to polypeptides that are conjugated to it [30]. It may be
that CT-B facilitates antigen delivery and presentation of
conjugated peptides to the gut-associated lymphoid tis-
sues. It has been suggested that oral administration of
autoantigens may provide an approach to prevent
autoimmune diseases such as type I diabetes, rheuma-
toid arthritis and multiple sclerosis. In order to evaluate
this approach, human insulin, a major insulin-dependent
diabetes mellitus autoantigen, was fused to the carboxyl-
terminus of CT-B and expressed in transgenic potato
plants [31•]. The fusion protein kept its pentameric
structure and retained GM1 ganglioside binding affinity
as well as antigenicity of both CT-B and insulin. Both
systemic and intestinal anti-CT-B antibodies were pro-
duced in mice fed with transformed potato tubers and
diabetes symptoms were delayed at doses at least 100-
fold less than for the unconjugated autoantigen [31•].

Passive immunotherapy has also been envisaged with
monoclonal antibodies produced in and purified from
transgenic plants. Very recently, Ma et al. [32] have shown
that colonization of teeth and gums by Streptomyces mutans,
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Table 1

Important recent examples of antigens produced in transgenic plants. 

Antigen Source Plant Reference

CT-B Vibrio cholerae Potato [27,28]
LT-B ETEC Tobacco/potato [25]
LT-B ETEC Potato [29•]
LT-B ETEC Potato [26]
Insulin linked to CT-B Human/ETEC Potato [31•]
Capsid protein Norwalk virus Tobacco/potato [45]
Surface antigen Hepatitis B virus Tobacco [46]
Malaria epitope Plasmodium spp. Tobacco [22]
V3 loop of HIV-1 HIV Tobacco [23]
Rabies virus Drg24 antigene Rabies virus Tobacco [23]
Rabies virus Drg24 antigene Rabies virus Spinach [24]

CT-B, subunit B of cholera toxin; ETEC, enterotoxigenic E. coli; LT-B, subunit B of heat-labile enterotoxin. 



the major cause of dental caries, could be prevented by a
monoclonal secretory antibody directed against the 185 kD
cell-surface adhesion protein of the bacterium.

Modification of seed quality by altered amino acid
composition
Among the major crop plants, both cereals and legumes are
important sources of protein for humans and their live-
stock. Cereal seeds typically contain 10–15% protein,
whereas legumes contain 20–30% protein of which 50–60%
are usually storage proteins. The major storage proteins of
legumes are saline-soluble globulins, whereas the major
storage proteins of cereals are alcohol-soluble prolamins.
The cereal prolamins are generally devoid of lysine,
whereas the legume globulins are reduced in the sulfur
amino acids, methionine and cysteine [33]. Within certain
limits, methionine- and lysine-poor basal diets may be
compensated for by addition of methionine-rich fishmeal
and lysine-rich soybean meal. The addition of 0.1%
methionine equals in quality the addition of 16% soybean
meal or 5.6% fishmeal. The addition of 0.1% lysine com-
pensates for the enrichment by 3.7% soybean meal or 2.1%
fishmeal [34]. Thus, there has been considerable interest
for improvement of the nutritive value of seeds by breed-
ing and genetic engineering [35•] 

In order to elevate the methionine and lysine content of
seeds two strategies have been employed: the respective
biosynthetic pathways have been manipulated; or high-
methionine or high-lysine proteins have been expressed in
transgenic seeds. Three routes have been taken to follow
up the latter approach: firstly, endogenous proteins were
altered in their amino acid sequence; secondly, naturally
occurring methionine-rich proteins from other plant
species were recruited for heterologous expression; and
finally, entirely synthetic genes containing high levels of
methionine and lysine were created (summarized in [36]).
A combination of the first and second approach has been
described by Tu et al. [37]. To improve the methionine
content of potato tubers a cDNA clone encoding the Brazil
nut 2S albumin was mutagenized to increase its methionine

content by 2–7 additional methionine residues and trans-
formed into potato plants. Irrespective of the mutation,
protein content in leaves was rather low, ranging from
< 0.01%–0.2% of total protein. The third approach was fol-
lowed by Keeler et al. [38]. To increase the lysine and
methionine content in seeds a synthetic protein based on
an α-helical coiled-coil structure containing 31% lysine
and 20% methionine (CP3–5) was designed. Driven either
by the phaseolin or β-conglycinin promoter, moderate
amounts of the synthetic protein accumulated in seeds har-
vested from transgenic tobacco plants. 

Technical enzymes
Many industrial processes involving plant material face the
problem of having to remove or efficiently exploit plant-
specific compounds. Therefore, many approaches to
produce industrial proteins in plants refer to proteins that
degrade plant cell walls, starch and phytate (Table 2). The
degradation of cell walls by cell-wall hydrolases, for exam-
ple, plays an important role in feed and food production,
and in the paper, wood and brewing industries. α-amylase
is used for liquefaction of starch mainly in the food indus-
try and in detergent manufacture. Phytate, the main
phosphorus storage form in plants, needs to be hydrolyzed
by phytase to improve the nutritional value of feed for
monogastric animals. 

So far, successful production has only been reported for
technical enzymes that have been fused to signal peptides
to allow for secretion via the default pathway. Protein lev-
els varied significantly, ranging from below 1% [39] to as
much as 14.4% of total soluble protein in leaves [40].
Values in the literature, however, can hardly be compared
with each other because the accumulation of proteins is
strongly dependent on the developmental stage of the tis-
sue and differ with the extraction method. In addition,
activities of the heterologous proteins and not their total
amount are the important parameter.

Recently, the expression of plant-produced technical
enzymes has been extended to crop plants that can directly
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Table 2

Technical enzymes produced in stably transformed plants.

Enzyme Origin of gene Plant Reference

α-amylase B. licheniformis Tobacco [39]
α-amylase B. licheniformis Vicia narbonensis [44]
α-amylase B. licheniformis Pisum sativum (a)
Phytase A. niger Tobacco [40]
Phytase A. niger Tobacco [47]
Phytase A. niger Soybean [41]
β(1,3-1,4) glucanase R. flavefaciens Tobacco [48]
β(1,3-1,4) glucanase B. amyloliquefaciens/B. macerans Barley [49]
β(1,4) xylanase C. thermocellum Tobacco [50]
β(1,4) xylanase C. thermocellum Pisum sativum (a)
β(1,4) xylanase R. flavefaciens Tobacco [48]

(a) Saalbach I, Czihal A, Conrad B, Hofemeister P, Hofemeister J, Böumlein H, Sonnewald U, Herbers K, unpublished data.



be used for their final purpose. Thus, Aspergillus niger phy-
tase has been expressed in soybean and investigated as a
feed supplement for broilers in comparison to commercially
available fungal phytase ‘Natuphos’ (BASF, Mt. Olive, NJ)
[41]. The investigators found that dietary phytase added to
a basal diet (fed at 400, 800, 1200 U/kg raw soybeans; the
unit U stands for µmol liberated phosphate per minute) lin-
early increased growth rate, feed intake, tibia shear force (an
indirect measure for increased phosphate incorporation into
sieletal elements) and energy, phosphorus digestibility and
toe ash weight (a direct measure of phosphate incorpora-
tion). Except for phosphorus digestibility, which was higher
in the case of phytase from the transgenic soybean seeds,
there was no difference between phytase from the different
sources. The specific phytase activities which were needed
to improve phosphorus availability for broilers were in the
range that can easily be reached by expressing heterologous
enzymes in transgenic seeds. Thus, it seems feasible to use
transgenic seeds in the feed industry as an alternative to
microbially produced recombinant enzymes in the near
future. It is noteworthy, however, that by genetic means low
phytic acid mutants in barley and maize have been identi-
fied [42] which might represent an alternative strategy to
phytase production.

As leguminous plants are also in widespread use as feed
there is growing interest in studying the stability and perfor-
mance of technical enzymes produced in alfalfa [43], narbon
bean [44] and fodder pea (Saalbach I et al., unpublished
data). Leguminous plants, due to their symbiosis with nitro-
gen-fixing bacteria, need to be fertilized rarely allowing for
low production costs. The expression of heat-stable B. licheni-
formis α-amylase behind the seed-specific USP promoter
and of heat-stable C. thermocellum xylanase behind the seed-
specific phaseolin promoter in transgenic homozygous pea
plants resulted in activities of ~8000 U/kg seeds. Crossing of
the homozygous lines gave rise to a F1 hybrid with activity
levels of 4000 U/kg for each of the two enzymes (Saalbach
et al., unpublished data). This is the first example of com-
bining independent commercial traits, showing the potential
and versatility for molecular farming approaches. 

Conclusions
The first generation of herbicide- and pest-resistant plants
has made its way to the marketplace. In the near future,
combinatorial approaches based on the expression of
newly designed polypeptides with multipartite functions
will lead to broad pathogen resistance. Based on encourag-
ing developments in chemically inducible gene expression
in plants, new principles such as conditional resistance will
be employed to improve crop performance. Furthermore,
interest in transgenic plants for the production of recombi-
nant proteins is steadily increasing. During the past few
years it has become evident that plants express, fold,
assemble and post-translationally modify foreign proteins
with high fidelity. Prototype vaccines can be produced in
plants and they may trigger oral immunity if the plant tis-
sues are consumed as food. In pre-clinical and first clinical

trials, it has been found that antigenic proteins may retain
their antigenic properties when purified from transgenic
plants and may give rise to the production of specific
immune responses after immunization.
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