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Proteinase inhibitors (PIs) are anti-metabolic proteins,
which interfere with the digestive process of insects. It
is one of the important defence strategies existing in
plants against predators. The use of the plant-derived
PI genes for developing insect-resistant transgenic
crops has come of age. Several transgenic plants
expressing PIs have been created and these plants
have shown enhanced resistance against insect pests.
Recently PIs have also been used to engineer resis-
tance against viruses in transgenic plants. The current
scenario for developing insect, fungal and viral patho-
gen-resistant transgenic crops by using PI gene(s) is
reviewed. The biosafety aspect of the transgenic plants
expressing Pls is also discussed.

PLANT proteins that inhibit various types of enzymes from
a wide range of organisms have been extensively stu-
died'”. Proteinase inhibitors (PIs) comprise one of the
most abundant classes of proteins in plants. Most storage
organs such as seeds and tubers contain 1 to 10% of their
total proteins as PlIs, which inhibit different types of
enzymes™*. The function of the inhibitors is to control
proteolysis within cells, organelles or fluids when limited
proteolysis is important for the biochemical or physio-
logical process.

These inhibitors are widely distributed among dif-
erent botanical families, at least 10 PI families that are
specific for each of the four mechanistic classes (Serine,
Cysteine, Aspartyl and Metallo) of proteolytic enzymes
are known'””. The occurrence, classification, physiologi-
cal significance, effect of PIs on the digestive physiology
of animals and the role of PIs as defensive proteins in
plants against insects and micro-organisms have been
previously addressed in several reviews' =,

One of the recent developments in the field of plant
genetic engineering is the manipulation of plants for dis-
ease and insect resistance. In an effort to develop insect-
resistant crop plants, the role of plant-derived Pls was
recognized early, and such resistant transgenic tobacco
plants were first reported in 1987 (ref. 7). Since then,
genes for inhibitory proteins from different species have
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been transferred to tobacco, potato, rice, wheat, cauli-
flower, pea and poplar using the r-DNA techniques. The
progress towards developing resistance to insects, fungal
and viral pathogens using the genes for proteinase and
amylase inhibitors is reviewed.

Physiological role of Pls

PIs in legume seeds irreversibly inhibit the action of the
animal digestive enzymes and hence they are considered
antinutritional’ . Besides, there are many important
physiological roles for PIs in seeds, which are summa-
rized below.

1. PIs regulate endogenous proteinase levels before and
during seed germination for storage protein digestion and
to control protein turnover™®. The involvement of PIs in
the protection of seed reserves from premature hydrolysis
has been established”'®. The concentration of inhibitors is
reduced during germination, facilitating the hydrolysis of
protein for utilization in the germination process.

2. PI gene expression has been detected in leaves of seve-
ral species following wounding, suggesting their role in
protecting plants from insect attack and microbial infec-
tion. After the identification of PI as a valuable trait
suitable for developing insect-resistant transgenic plants,
there was intense interest to identify the P/ gene from
different plant species. P/ gene has been identified and
cloned from a wide array of plant sources, including
alfalfa“, tomatolz, potat013’14, maizels, mustardlé, pop-
lar'’, tobacco'®, rice’’, sweet potatozo, soybeanzl, amaran-
thus™, cowpea™ and barley”*.

3. During seed development, PIs accumulate relatively
late, and rapidly increase in the desiccation phase, imply-
ing a role in protein stabilization®'®*’. Dehydration-
related stresses such as drought, salinity and abscisic acid
induce the expression of trypsin inhibitors (TIs) in deve-
loping seeds of moong bean and lettuce®®”®. Accumula-
tion of TIs closely resembles that of late embryogenesis
abundant protein, which has a specific function in stress
dehydration.

4. A new role for PI in the modulation of apoptosis or
programmed cell death has been identified in soybean29.
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Cysteine proteinase plays an important role in the regula-
tion of programmed cell death leading to hypersensitive
(HR) reaction, following pathogen attack. It has been
shown that the ectopic expression of cystatin inhibits the
induced cysteine proteinase activity, which in turn blocks
programmed cell death™. It is suggested that in plants
balancing between the cysteine proteinase and cysteine
proteinase inhibitor activity regulates the programmed
cell death. Thus a new role for PI in modulating the pro-
grammed cell death in plants has been identified.

Factors involved in expression of Pls

Plants react to wounding by activating a set of genes,
most of them playing a role in wound healing and preven-
tion of subsequent pathogen invasion’”>. The gene acti-
vation takes place in both wounded and non-wounded
plant parts. This systemic accumulation of defence-related
products then serves a preventive function, checking the
spread of the damaging agent to the healthy part of the
plant. The tomato and potato PI families are the best-
studied examples of genes, systemically expressed upon
wounding.

The detailed analysis of P/ gene expression in different
plant species has shown that it is regulated by a variety of
developmental and environmental factors® *°. In potato,
proteinase inhibitor-II (PI-II) is a multigene family, its
constitutive expression in tubers and floral buds and
wound-inducible expression in leaves have been rep-
orted”®. The mRNA of PI-II appears in stolon of plants
induced to tuberize along with other tuber-specific genes
such as patatin, and it is present throughout the tuber
development. After the dormancy period, no PI-IIl mRNA
was detected in sprouting tubers®®. This temporal regula-
tion may be responsible for protecting the storage proteins
from premature degradation. Studies on the expression of
PI from pigeon pea have shown that it is regulated by
developmental control’*®. A rapid decline in PI belong-
ing to a new species was also observed in horse gram dur-
ing germination™.

Environmental factors which influence PI-II gene
expression have been investigated in detail’>** . Among
the different factors, wound-induced P/-II gene activation
in potato has received considerable attention. Subsequent
research has shown that fungal elicitor, bacterial infec-
tion, sucrose, abscisic acid, jasmonic acid and systemin
induce PI-II gene expression. Factors that have been iden-
tified to regulate the expression of PI-II gene in potatoes
and PI in rice are listed in Table 1.

Analysis of the PI-II gene has shown that both deve-
lopmental expression and wound induction are mediated
by specific sequences within the PI-II promoter”™ . Dele-
tion analysis from the 3" to the 5" end of the promoter
region of the wound-inducible PI-II gene has identified a
421-base sequence at — 136 to — 557 necessary for expres-
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sion”. Further analysis has identified a 10-base sequence
within the 421-base region, which is essential for binding
a nuclear protein from wounded potato tissues for PI-If
gene activation. This 10-base sequence is adjacent to an
8-base consensus sequence at — 147 to — 155 that is pre-
sent in the promoter region of several other elicitor-
inducible genes from various plants”. Based on the
experimental evidences, it has been suggested that a com-
plex set of cis and trans acting elements within the — 136
to — 165 region of the PI-I] gene may be involved in the
signalling mechanism that regulate the inducibility of this
gene in response to pests and pathogen attack. It was also
established by Farmer and Ryan’* that wound-inducible PI
synthesis is regulated by a lipid-based signalling pathway
activated by wounding. A model for wound-inducible P/
gene activation has been proposed in which signal pro-
duced by wounding interacts with receptors for activation
of signalling cascade™.

The detailed analysis of wound-inducible promoter of
PI-II makes it a potentially useful tool for the genetic
engineering of insect and or pathogen resistance in trans-
genic plants. The advantage of using a systemically indu-
cible promoter to express these well-defined insect and/or
pathogen resistance genes in transgenic plants is the high
level expression of resistance genes to the period of actual
insect or pathogen attack. This will not only conserve the
metabolic energy and building blocks of plant cells, but
may also minimize the selection pressure on insect pests
and pathogen. Thus wound-induced promoter is most
desirable for efficient expression of insect resistance
genes introduced in transgenic plants.

PIs and alpha amylase inhibitors

Proteins that inhibit ci-amylases are found throughout the
plant kingdom'*. Many of the abundant proteins in cereal
seeds are inhibitors of either a-amylase or PIs, or both'?.
The a-amylase inhibitory activities of these proteins are
usually directed against o-amylases from animals includ-
ing a broad spectrum of insects and micro-organisms, but

Table 1. Factors involved in the activation of the PI gene

in potato and rice

Gene Factor Refs

Proteinase inhibitor II (potato) Wounding 40, 41
ABA, IAA 42,43
Oligourinides 44
Sucrose 45, 46
Methyl jasmonate 47
Jasmonic acid 48
Fungal elicitor 49

Bacterial infection 50
Systemin (peptide) 51
Electrical potential 52

Cysteine proteinase inhibitor (rice)  Ethylene 98
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rarely against plants amylases. A few bifunctional Pls that
inhibit both proteinases and o-amylases have been identi-
fied"?. These bifunctional inhibitor proteins possess two
types of independent reactive sites specific for proteinases
as well as for o-amylases and these sites are located on
separate regions. These inhibitors tightly bind and inacti-
vate proteinase and o-amylase simultaneously. Thus o-
amylase inhibitors from several plants such as maize, rice,
ragi, barley, wheat and peas’®®' are also important com-
ponent of defence against insects. In a detailed study,
a-amylase inhibitors from wheat were able to inhibit amy-
lase isozymes isolated from adults of rice weevil and red
flour beetle®.

Transgenic plants with PI for insect resistance

Transgenic plants expressing foreign insecticidal proteins
have been produced for enhanced levels of insect resis-
tance. PIs have been used because of their small size,
abundance and stability. They are usually highly specific
for a particular class of digestive enzymes of insects.
Since the economically important classes of pests like
Lepidoptera, Diptera and Coleoptera use serine and cys-
teine proteinases in their digestive system to degrade pro-

teins in the ingested food, efforts have been focused to
use these classes of PIs for developed transgenic plants.

The different PIs that have been used for developing
insect-resistant transgenic plants are listed in Table 2.
These are cowpea serine PIs (CpTI), potato serine Pls
(PI-I and PI-II), sweet potato inhibitors, rice cysteine PIs,
soybean Kunitz trypsin inhibitors, corn cystatins, mustard
TI, tobacco PI and bean o-amylase inhibitors. Tobacco
has been used as model plant in many studies to evaluate
the efficacy of PIs as an insecticidal protein, followed by
rice, potato, sweet potato, lettuce, tomato, oilseed rape,
sunflower, petunia, birch, wheat, cauliflower, poplar pea
and azuki bean.

The first P/ gene to be successfully transferred to
tobacco, resulting in enhanced resistance against Manduca
sexta was CpTI gene isolated from cowpea’. These studies
provided a direct evidence for the effectiveness of CpT7
against a specific insect. The efficiency of transgenic
tobacco plants expressing Cp7/ was also tested against
Spodoptera litura in feeding trials under laboratory condi-
tions®. Reduction to the extent of 50% was observed in
the biomass of S. /litura larvae fed on transgenic leaves
expressing 3—5 ug CpTI/g fresh leaves.

Constitutive expression of Cp7/ gene in transgenic
rice plants conferred resistance to two species of stem

Table 2. Transgenic plants for enhanced resistance against predators by expression of enzyme inhibitors

Gene source Transformed plant Effect evaluated on predators Refs
Cowpea trypsin inhibitor {CpTT) Tobacco Manduca sexta 7
Tobacco Spodoptera litura 63
Rice Sesamia inferens, Chilo suppressalis 64
Potato Lacnobiaoleracea 99
Apple Coleoptera, Lepidoptera 100
Lettuce, tomato Coleoptera, Lepidoptera 65
Oilseed rape Coleoptera, Lepidoptera 66
Strawberry Coleoptera, Lepidoptera 100, 101
Sunflower Coleoptera, Lepidoptera 102
Sweet potato Coleoptera, Lepidoptera 103
PI-I Petunia, tobacco Lepidoptera, Orthoptera 67
Potato PI-I and PI-II Tobacco Manduca sexta 68
Potato PI-I1 Rice Sesamia inferens 70
Potato PI-I1 Birch, lettuce Lepidoptera, Orthoptera 65, 66
Potato chymotrypsin inhibitor Tobacco Chrysodeixis eriosoma 69
Sweet potato 77 Tobacco S. litura 20
Sweet potato 77 Cauliflower Pieris conidia 71
Rice cysteine inhibitor Poplar Chrysomela tremulae 72
Soybean Kunitz inhibitor Rice Nilaparvata lugens 73
Soybean Kunitz inhibitor Potato, tobacco Lepidoptera 66, 104
Barley 71 Wheat Sitotroga cerealella 74
Corn cystatin Rice Sitophilus zeamatis 75
Mustard 77 Arabidopsis, tobacco Lepidoptera 105
Tobacco PI Tobacco, pea Helicoverpa armigera 76
Cysteine protease inhibitor Tobacco Tobacco etch virus, Potato virus 77
Bean o-amylase inhibitor Pea Callosobruchus maculatus 61
(Phaseolus vulgaris)
Bean o-amylase inhibitor Pea Bruchus pisorum 78
Bean o-amylase Inhibitor Azuki bean Callosobruchus chinensis, 79

C. maculatus, C. analis
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borers®. Expression of CpTI gene, driven by the constitu-
tively active promoter of the rice actin I gene resulted in
high level accumulation of CpTI protein in transgenic rice
plants. The TI produced in transgenic plants was biologi-
cally active and the plants showed increased resistance
against two species of stem borers.

The efficiency of potato PI for insect resistance was
evaluated by incorporating the gene into several trans-
genic plants® "’ PI and PLII expressing transgenic
petunia, birch and lettuce plants were resistant to Lepi-
dopteran and Orthopteran insects®®’. PI-I and PI-II
genes were transferred to tobacco and the transgenic
plants expressing trypsin/chymotrypsin inhibitor were
resistant to M. sexta®. In another study, chymotrypsin
inhibitor gene from potato was transferred to tobacco and
these plants were also resistant to Chrysodeixis erio-
soma®.

PI-II gene from potato was introduced into several
Japonica rice varieties and these transgenic plants were
found to be insect-resistant in greenhouse trials’’.
Wound inducible PI-II promoter with the first intron of
rice actin I gene was able to give high level expression of
PI-II gene in transgenic rice plants. These transgenic
plants expressing P/ gene were found to be resistant to
pink stem borer (Sesamia inferens). Thus, introduction of
plant-derived P/ gene into cereal plants was successful for
control of insect pests.

The sweet potato TI, expressed in transgenic tobacco
plants, conferred resistance against S. litura®. Larval
growth of S. litura, the tobacco cutworm, was severely
retarded compared to its growth on control plants. Trans-
fer of sweet potato 77" gene to cauliflower made it insect
resistant.

cDNA gene encoding a cysteine PI isolated from rice
was introduced into tobacco, potato, poplar, oil seed, rape
and cotton, but only results reporting the toxicity of such
plants against a beetle feeding on poplar have been pub-
lished”.

PI gene from different sources have been transferred
to rice and the insect resistance has been tested in
detail®*’*". Soybean Kunitz trypsin inhibitor was intro-
duced into rice protoplasts”. Accumulation level of the
protein was found to be 0.05-2.5% of soluble protein;
transgenic plants were more resistant to brown plant
hopper (Nilaparvata lugens).

Recently, insect-resistant wheat was developed by trans-
ferring the gene of barley TI (BTI)'*; BTI accumulation in
transgenic wheat was 1.1% of total extracted protein. Sig-
nificant reduction in the survival of Argoumois grain
moth (Sitotroga cerealella) was observed. However, only
early-instar larvae were inhibited in transgenic seeds and
expression of BTI protein in transgenic leaves did not
have a significant protective effect against leaf-feeding
insects.

Corn cystatin (CC) cDNA under the control of AMV
35 S promoter in rice plants showed a high level of
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expression in both rice seeds and leaves. About 2% of the
total proteins in transgenic rice plants were found to be
CC proteins. It showed strong inhibitory activity against
insect gut proteases of Sitiophilus zeamais” and a wide
inhibitory spectrum against various cysteine proteinases
of insects.

A cDNA clone of multidomain PI from Nicotiana alata
was transferred into tobacco and peas under the control of
promoter from ribulose 1,5-biphosphate carboxylase small
subunit gene’®. Helecoverpa armigera larvae that ingested
transgenic tobacco or pea leaves showed higher mortality
or delayed growth and development relative to the control
larvae.

A recent report’’ that rice cysteine proteinase inhibitor
oryzacystatin engineered into tobacco provided resistance
against potyvirus marks another important development.
The processing of all known potyviruses involves the
activity of cysteine proteinases. The inhibition of constitu-
tive expression of cysteine proteinase by cystatin could
induce resistance against two important potyviruses,
tobacco etch virus (TEV) and potato virus Y (PVY).
There was a good correlation between the level of oryza-
cystatin protein and resistance to TEV and PVY at all
levels tested. The inhibitor was ineffective against
tobacco mosiac virus as processing of this virus does not
involve cysteine proteinases. These results suggest that
the plant cystatins can be used against different poty-
viruses and potentially also against other viruses, whose
replication involves cysteine proteinase activity.

Corn TI was also found to be effective against a group
of plant pathogenic fungi®®. In a detailed study, the corn
TI was over-expressed in E. coli to obtain large quantities
of the active recombinant inhibitor, to test the efficiency
against various plant pathogenic fungi. The recombinant
corn TI inhibited both conidium germination and hyphal
growth of all nine plant pathogenic fungi studied, inclu-
ding Aspergillus flavus, A. parasiticus and Fusarium
moniliforme. These studies suggest that corn TI could be
useful for developing fungal disease resistance.

It has been shown that transgenic pea expressing bean
a-amylase inhibitor from bean (Phaseolus vulgaris) con-
fers resistance to the bruchid beetle, Callosobruchus
maculatus and C. chinensis®'. Bean a-amylase inhibitor
expressing pea was also resistant to Bruchus pisorum79. In
another study, the expression of bean a-amylase inhi-
bitor in azuki bean conferred resistance to three species
of bruchids®. However the bifunctional ai-amylase/pro-
teinase inhibitor genes are more useful for developing
insect-resistant transgenic plants.

In the studies mentioned above, the efficiency of the
expression of introduced PI gene was found to be suffi-
cient to impart resistance to the challenged insects. In a
majority of the cases, cauliflower mosaic virus 35 S RNA
promoter was used for expressing P/ gene. Promoters
from ribulose 1,5-biphosphate carboxylase small subunit
gene, rice actin gene, wound-inducible P/-I] gene and
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ubiquitin gene were also found to be equally or more effi-
cient for producing the protein in transgenic plants.

These studies have conclusively demonstrated the fea-
sibility of genetic engineering of insect resistance by
expressing PI genes. Recent field trials carried out in the
US showed that the expression of Cp7T in tobacco pro-
vided significant protection in the field against Heli-
coverpa zae®'. The field trials were conducted in parallel
with transgenic plants expressing Bacillus thuringiensis
(Bt) toxin, cry IAC gene. The result from these studies has
shown that Cp77 gene has a negative effect on both larvae
survival and plant damage. CpTI-transgene showed varia-
bility from one trial to another, suggesting that the degree
of protection provided by the Cp77 gene in transgenic
plants can be affected by factors such as plant age, envi-
ronmental condition and heterogeneity of insect popula-
tion. In another field experiment, tobacco expressing the
serine-proteinase inhibitor from soybean resulted in up to
100% mortality of first-instar cotton-leaf worms (Spodo-
ptera littoralis) (M. Delledonne et al., unpublished).
However, resistance levels achieved by the same con-
structs in potato were much lower, resulting mainly in
retarded growth of S. littoralis rather than mortality.
Although a number of transgenic crop plants have been
developed to determine the usefulness of different Pls, the
detailed analysis of these transgenic plants expressing
different PIs is not available or not published due to
patent applications®”. To date, no crop expressing PI
transgenes has been commercialized.

PIs are highly specific for a particular class of digestive
enzymes. However, insects have shown enough flexibility
to switch proteinases composition in their guts to over-
come the particular proteinase inhibitor expressed in the
transgenic plants®. Evidences have been presented to
show that insects can adapt to the ingestion of PIs™.
Insects belonging to both Lepidoptera and Coleoptera can
overexpress existing gut proteinases or induce the produc-
tion of new types that are insensitive to the introduced PIs
to overcome the deleterious effect of PI ingestion®’. This
may be contributing for the decreased effectiveness of the
PIs expressed in transgenic plants. In a recent study it was
shown that high level expression of soybean trypsin
inhibitor gene in transgenic tobacco plants failed to confer
resistance against H. armigera™. It is known that gut
digestive enzymes are not the only targets affected by Pls;
they can also affect the water balance, moulting and
enzyme regulation of insects®’.

Biosafety of transgenic plants expressing Pls

The biosafety and risk assessment of the environmental
release of genetically modified plants have been addressed
in detail in several recent reviews® °'. Limited informa-
tion on the biosafety evaluation of genetically modified
food incorporating PI is available. Since these Pls are
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from plant-derived genes and are easily inactivated by
cooking, introduction of the P/ gene into new host crops
can be regarded as a safe strategy from the food safety
standpoint. Another important factor is that the gene
transfer to other species will not create any new environ-
mental hazard.

The nutritional value of transgenic peas expressing
bean amylase inhibitor has been investigated in detail’”. It
had minimal detrimental effect on the nutritional value of
peas fed to rats at 30% of the diet. This study indicated
that such transgenic peas could be used in a diet at
300 g/kg level without harmful effects on growth.

Future directions

The technology for developing insect-resistant transgenic
plants is expanding very rapidly. Such plants have the
potential to become a part of the integrated pest manage-
ment systems in future. With the development of several
transgenic plants expressing Bt toxin it emerged that
codon usage of Bt is far from optimal for expression in
plants. Making partially or totally synthetic genes suitable
for plant expression circumvents this problem93. Plant-
derived genes such as Pls will have the advantage of effi-
cient expression in transgenic plants. Transgenic crops
expressing PIs are going to play an important role in
future in insect pest management strategies. It is shown
that Bt can promote the evolution of resistance if allowed
to exert consistent selection pressure on the target
insects”*. A suggested solution for preventing/delaying
development of resistance against Bt is to utilize genes
encoding Pls in combination with Bt. This possibility has
been examined in several systems” ' and the results are
encouraging. The resistance against introduced PIs from
transgenic plants can develop in insects by increasing the
secretion of proteolytic enzyme or by inducing new types
of proteases. Development of new types of PIs by protein
engineering with altered affinity for different proteases,
and incorporating multidomain PIs in a single gene are
attractive strategies for developing insect-resistant trans-
genic plants in future.
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