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Need for improving crop productivity

The global population already exceeded 6 billion in 2000 and is
expected to reach approximately 9.2 billion by the year 2050 with an
approximate increase of over 40% (U.S. Census Bureau, 2006). Particularly in
developing countries the annual increase in human population (2.5-3%) is
more than that of annual increase in food production which is a meager 1%
(Lawrence and Koundal, 2002). Thus, to meet the needs of the growing human
population, it will be necessary to produce more food in the next 50 years than
it has since the onset of agricultural production approximately 10,000 years
ago. During the last few decades, major progress has been made in increasing
crop productivity worldwide. The best example that could be cited is world’s
rice production which has increased from 25 million tonns in 1966 to 92

million tonns in 1999 (Khush, 1999, 2001).

The increase in food production can be achieved by increasing the crop
area, crop yield and/or reducing the crop losses due to pests and pathogens.
However, there is no increase in the area of the agricultural land and infact,
due to various human activities, it is getting reduced. In 1961, the average of
cultivated land per capita was 0.44 ha. Today, this has dropped to 0.26 ha and
based on the population projections, until the year 2050 the average will
further drop to 0.15 ha of cultivated land per capita (Ce’lia and Maria, 2002).
Hence, the increase in food production could be achieved only in the available
agricultural land by generating crop varieties with high yield and stability.

World wide crop losses due to insect pest attacks account for 15%, despite the



use of insecticides, which represents over US $ 100 billion (Krattiger, 1997;
Oerke and Dehne, 2004;). This problem is more acute in tropics and sub-
tropics, where the climate provides an absolutely conducive environment, not
only for the survival but also for the reproduction and breeding of a wide range
of insects. Thus, in order to feed the ever expanding population, crop
protection plays a vital and integral role in the present day agricultural practice
to minimize losses and thereby increasing production. Hence, the crop varieties

with high yield and stability are required.
Crop damage due to insect pests

Arthropods are undoubtedly the most widespread and diverse group of
animals with an estimated 4-6 million species worldwide (Novotny et al.,
2002). While only a small percentage of arthropods are classified as pest
species, they nevertheless cause major losses of crops by destroying around
18% of the world annual crop production (Oerke and Dehne, 2004). The
losses are far more significant in food crops, e.g., 52% in wheat, 83% in rice,
59% in maize, 74% in potato, 58% in soybean, and 84% in cotton and in
addition to direct losses caused by insects, there are additional costs in the
form of pesticides applied for pest control (Sharma et al., 2000). Apart from
the damage caused by feeding, insects and mites cause additional yield losses
by carrying and infecting crops with disease causing pathogens. Over 200 plant
diseases are known to be transmitted by insects, mites and nematodes (Hagq, et
al., 2004). Phytophagous (plant-eating) insect and mite pests are a major threat

to food production for human consumption and the larval forms of



lepidopteran insects are considered the most destructive organisms (Nicholson,

2007).
Classical insect control methods

To date, the major method of pest control has been the widespread use
of classical organic agrochemical pesticides. These chemical pesticides were
first introduced in the 1940s with the remarkable success of p,p’-dichloro-
diphenyl-trichloroethane (DDT). DDT was not only a successful agricultural
pesticide, but also was used initially in successful malaria eradication programs
(Attaran et al., 2000) and is still in use in certain third world countries. The
subsequent introduction of organophosphate and carbamate pesticides in the
1960s (Casida and Quistad, 1998) encouraged the customary view that
chemical pesticides could produce widespread control of insect pests.
However, the extensive and indiscriminate use of the above agrochemical
pesticides, with nervous system as target, has inevitably resulted in widespread
resistance among arthropod population (Ngowi et al., 2007). Further, massive
application of pesticides also leaves harmful residues not only in the food but
also in nature and thereby causes adverse effects on (i) non-target organisms

like birds, human etc., and (ii) environment (Main et al., 2009).
Drawbacks in using classical insect control methods

Despite extensive plant breeding and pest management efforts, over
$10 billion is spent worldwide each year on the chemical control of insect

(Khush, 1999). Heavy reliance on chemical pesticides may not be viable as



they provide ephemeral benefits, often with serious adverse side effects, and in
some instances actually worsen the farmer’s overall pest problems (Way and
Heong, 1994; Manichon, 1996; Estruch et al., 1997; Kogen, 1998; Cook, 2000;
Matteson, 2000; Sharma and Ortiz, 2002). Thus, the major challenge is how to

increase and sustain crop productivity with less use of chemicals.
Development of resistance to the pesticides

Insect resistance is defined by the WHO as the ‘development of an
ability in a strain of an organism to tolerate doses of toxicant, which would
prove lethal to the majority of individuals in a normal (susceptible) population
of the species’. In 1992 the WHO reported that more than 500 species of
insects and mites had developed resistance to one or more classes of
insecticides (Georghiou, 1990; World Health Organisation Bulletin, 1992).
Further, the development of resistance has been shown against every class of
insecticide, including microbial drugs and insect growth regulators (Krogstad,
1996). However, literature survey shows that maximum reports of resistance
development pertain to organophosphates (250) followed by synthetic
pyrethroids (156), carbamates (154) and others (including chlorinated
hydrocarbons) (85) (Sharma et al., 2001). Many species (about 85) of insects
have developed resistance to more than two groups of insecticides. About two
decades ago, maximum number of insects and mites showing resistances to
pesticides have been recorded in vegetables (48), followed by those infesting
fruit crops (25), cotton (21), cereals (15) and ornamentals (13) (Rajmohan,

1998). The resistance of insects to insecticides is reported in all parts of the



world (Picollo et al., 2005; Ahmad et al., 2007, Huang and Han, 2007;
Margaritopoulos et al., 2007; Pietrantonio et al., 2007; Stara and Kocourek,

2007; Endersby et al., 2008).

The underlying causes of insecticide resistance are many-fold. Due to
the wide usage and narrow target range of agrochemicals, arthropods including
insects, have been put under a high degree of selection pressure. The resistance
marks a genetic change in response to selection. Individuals carrying genetic
traits for coping with the chemically hostile environment survive and
reproduce, thereby passing on these traits to their progeny. Continued selection
pressure exerted by the insecticide rapidly increases the frequency of the
genetic trait (resistance) in the population (Feyereisen, 1995). Insecticide
resistance can be characterised by: (i) increased metabolic detoxification
resulting from elevated esterase, glutathione S-transferase or monooxygenase
levels, (ii) decreased target sensitivity, and/or (iii) sequestration or lowered
insecticide availability (Brogdon and McAllister, 1998). The molecular
mechanisms responsible for the increase in resistance have been identified as:
(a) point mutations in the ion channel of the GABA receptor, sodium channel
and the acetylcholinesterase (AChE) active site, (b) amplification of the
esterase genes and (c) mutations causing up-regulation of detoxification
enzymes (Feyereisen, 1995; Brogdon and McAllister, 1998; Hemingway and

Ranson, 2000).

Insecticide resistance is now well documented in various lepidopteran

pest populations of India (Sharma et al., 2001). Helicoverpa armigera



(Hubner) was recorded to exhibit widespread resistance to cypermethrin (23—
8022-fold in field strains), while the resistance to endosulfan and chlorpyriphos
was moderate to high in different parts of India. The overall resistance of the
pink bollworm Pectinophora gossypiella (Saunders) to pyrethroids was low;
however, high resistance levels of 23—57 fold to endosulfan were recorded in
some areas of Central India. The resistance of P. gossypiella to chlorpyriphos
was high in the Medak (A. P.), Bhatinda and Sirsa strains from North India.
The majority of the Spodoptera litura (Fab.) strains collected in South India
exhibited high resistance levels of 61-148 fold to cypermethrin, while
resistance to endosulfan was high only in two strains collected from Bhatinda
and Karimnagar (Kranthi, 2002). Further, the S. litura strains from South India
also exhibited high levels of resistance (45-129-fold) to chlorpyriphos

(Kranthi, 2002).
Harmful effects of pesticides on non-target organisms

Selectivity of a chemical is achieved if both pest and non-pest species
do not share the same target (Feyereisen, 1995). Unfortunately, because the
target sites for various pest control agents/agrochemicals are conserved among
insect pests, beneficial insects and vertebrates, the chemical pesticides have a
relatively broad-spectrum of toxicity against non-target species. Extensive
studies also suggest a number of potentially adverse outcomes of pesticide
exposure (Ngowi et al., 2007). More commonly suggested include pancreatic
cancer, altered/lowered reproductive function, and neuropsychological

dysfunction (Garabrant et al., 1992; Longnecker et al., 2001; van Wendel de et



al., 2001; Beard, 2006). Although the evidence is weak and the reported risk is
low, these problems have potential to cause a significant increase in disease
burden at a population level, given the large number of people exposed to

pesticides in developing countries.

Although the application of pesticides to minimize the losses due to
insect pests, diseases and weeds is inevitable, the chemical control of insect
pests is under increasing pressure because of the adverse effects of the
pesticides. This has necessitated the use of target-specific compounds with low
persistence in the environment. Thus, there is an increased emphasis on the
search for (i) alternative insect control strategies, which are eco-friendly and
(i1)) more effective technologies that would allow a rational use of

biopesticides/biodegradable control agents for sustainable crop production.
Development of transgenic plants

An alternative strategy could be to take advantage of the plant’s own
defense mechanisms, for example, by manipulating the expression of their
endogenous defense proteins, or by introduction of an insect control gene

derived from another plant.

Until recently, pest resistant varieties have been developed mainly
through the application of principles of classical Mendelian genetics and
conventional plant breeding methods. This conventional crop breeding
programmes are limited by the need for a source of resistance within the inter-

breeding gene pool. The other problem in the conventional programme is the



loss of resistant characters in the breeding process. For example, the
susceptibility of the cowpea Vigna unguiculata, an important component of
human diet in many poor countries, to predation by the bruchid beetle
Callosobruchus maculatus was shown to be related to an increased
digestibility of vicilins, a major class of storage proteins, by the insect gut
enzymes, as compared to the protein found in resistant seeds from Nigerian

cowpea (Sales et al., 1992, 2000: Macedo et al., 1993).

Using modern plant genetic engineering technology one could
overcome such constraints and transfer resistant genes from any source (plant,
animal, microbial, synthetic or recombinant) to the crop plant of choice to be
introduced into breeding. In this context, different genes encoding toxic
proteins have been introduced into genomes of various crops in order to confer
the insect and pathogen resistance (Outchkourov et al., 2004; Abdeen et al.,
2005; Kondrak et al., 2005; Srinivasan et al., 2005). Many of these plants are
now being tested in field condition or awaiting commercialization (Rahbe et

al., 2003; Prasad et al., 2008; He 'ma et al., 2009; www.aphis.usda.gov). Such

crops, referred to as genetically modified (GM) crops; represent a promising
opportunity to make an important contribution to integrated pest management
(IPM) programme (Romeis et al., 2006). Since the first transgenic tobacco
plant expressing foreign protein obtained in 1984 (Horsch et al., 1985),
transgenics have been produced for more than 100 species (Brar et al., 1995;

Khush and Brar, 1998; Clark et al., 2005; Kumar et al., 2008). The area under



transgenic crops has increased from 1.7 million hectares in 1996 to 44.2

million hectares in 2000 (James, 2000).

Plant defense in nature

In plant-insect interactions, insects play both beneficial and detrimental
roles. Beneficial roles include pollination of flowers and predation of insect
pests of plants, while the detrimental roles include phytophagy and as carriers
of viruses which cause various plant diseases. However, in a wild community
of plants subject to phytophagy under natural conditions, a partial protection
against a variety of insect pests is achieved by both physical and chemical

factors produced by the plants (Boulter, 1993).

In natural communities of plants the resistance against pests and
pathogens is of two types: (a) horizontal resistance and (b) vertical resistance.
Horizontal resistance consists of many minor genes with no gene-to-gene
matching between host and pathogen (Nelson, 1978). It is probably ubiquitous
and gives durable resistance. This kind of resistance may be supplemented in
some cases by vertical resistance (Plank, 1966). Vertical resistance consists of
major genes with gene-to-gene matching between host and pathogen (Colton et
al., 20006).

Leaf toughness is a major physical deterrent to numerous herbivores
(Feeny, 1976), and surface hairs (trichomes) on leaves are also effective.
Ehleringer and Clark (1988) suggested that trichomes are essential for the
regulation of leaf spectral properties, temperature and water loss, but defence

against herbivores may also be important (Gregory et al., 1986; Agrawal,



1999; Kostina et al., 2001; Traw and Dawson, 2002). High molecular weight
compounds such as phenolics, that are immobile, cannot be recycled and are
localized in the leaves until they fall (Mooney et al., 1983). Physical constructs
are also unlikely to be reusable for other functions. It is therefore expected that
old leaves should have stronger defence than young leaves. It has often been
reported that the new leaves are of higher quality (more nitrogen, fewer
phenolics, reduced toughness and other characteristics) than old leaves, so that
they are preferred by herbivores (Feeny, 1970; Hunter and Lechowicz, 1992).
Endogenous chemical protectants have been separated into two groups:
(a) micromolecular, e.g., alkaloids and (b) macromolecular, e.g., proteins. The
latter are likely to afford vertical resistance, since they are major and
monogenic. Further, protein protectants differ significantly from chemical
insecticides in their mode of action, where the protein protectants’ mode of

application is ingestion and they primarily affect digestion..

During the co-evolution of plants and insects, plants are able to
synthesise a wide range of molecules including proteins to defend themselves
against insect attack (Bate and Rothstein, 1998; Weiler et al., 1998; Chi et al.,
2009). The best known plant proteins supposedly involved in defense
mechanisms are lectins, ribosome-inactivating proteins (RIPs) of type 1 and 2,
inhibitors of proteolytic enzymes and glycohydrolases (Bowles, 1990; Ryan,
1990; Chrispeels and Raikhel, 1991; Barbieri et al., 1993; Peumans and Van
Damme, 1995; Koiwa et al., 1997; Zavala et al., 2004; Wang et al., 2005;

Macedo et al., 2007; Noghabi et al., 2008). Other plant proteins involved in the
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complex mechanisms of defense are the arcelins (Osborn et al., 1988),
chitinases (Herget et al., 1990; Cohen, 1993), canatoxin (Carlini et al., 1997)
and modified forms of storage proteins (Macedo et al., 1993; Sales et al.,
2000). Some of these proteins are relatively thermostable and are only partially
inactivated by heat during cooking (Peumans and Van Damme, 1996; Carlini
and Udedibie, 1997). Proteinaceous proteinase inhibitors (PIs) active against
insect proteolytic enzymes are considered among these molecules (Ryan, 1990;

Koiwa et al., 1997; Birk, 2003).
Protease inhibitors

Proteolytic enzymes catalyze the cleavage of peptide bonds in proteins.
They are classified according to their mechanism of catalysis and the amino
acid present in the active center: (1) serine proteinases, with a serine and
histidine; (2) cysteine proteinases, with a cysteine; (3) aspartic proteinases,
with an aspartate group and (4) metalloproteinases, with a metallic ion (Zn"?,
Ca™ or Mn™) (Neurath, 1984). The term protease includes both
endopeptidases and exopeptidases, where as the term proteinase is used to

describe only endopeptidases (Ryan, 1990).

Proteolysis as a key process in all living organisms must be extremely
controlled, otherwise it could be very deleterious to their natural environment.
It is therefore, not surprising that a large number of naturally occurring Pls
have been described in animals, plants as well as in microorganisms and have
been extensively studied in order to elucidate their structural and functional

properties (Bode and Huber, 1992; Hibbetts et al., 1999; Khatib, 2005; Chye
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et al., 2006; Mosolov and Valueva, 2008). Broadly the PIs are classified as
serine protease inhibitors, cysteine protease inhibitors, metallo-protease
inhibitors and aspartic acid protease inhibitors depending on the type of
protease they inhibit (Ryan, 1990; Jouanin, 1998; Mosolov, 1998; Bode and

Huber, 2000).
Plant protease inhibitors

Plant protease inhibitors (PIs) are extremely wide spread throughout
the plant kingdom. They appear to have been most extensively studied in the
Leguminosae, Gramineae and Solanaceae, probably because of the large
number of species in these families which form important source of food
(Richardson, 1991), while the economically unimportant species were
comparatively neglected (Konarev et al., 2004). They are known to be
involved in several physiological processes, such as reserve control, regulation
of protein turnover, apoptosis, stress tolerance, cell proliferation, defense
against pathogens and pests etc. (Koiwa et al., 1997; Belenghi et al., 2003;
Megdiche et al., 2008; Zhang et al., 2008; Srinivasan, et al., 2009; Tian et al.,
2009). Further, PIs have been shown to be developmentally expressed in seeds
and reserve organs (Birk, 1996; Koiwa et al., 1997) or induced by wounding

in leaves (Schaller and Ryan, 1995).

The possible role of PIs in plant protection was investigated as early as
1947 when, Mickel and Standish (1947) observed that the larvae of certain
insects were unable to develop normally on soybean products. Subsequently

the trypsin inhibitors (TIs) present in soybean were shown to be toxic to flour
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beetle, Tribolium confusum (Lipke et al., 1954). In 1972, Green and Ryan
reported the increased levels of Pls detected in plants that have been damaged
by insect feeding. Following these early studies, there have been many
examples of protease inhibitors active against certain insect species, both in in
Vitro assays against insect gut proteases (Pannetier et al. 1997; Koiwa et al.,
1998; Tamhane et al., 2007; Ramos et al., 2008; Telang et al., 2009) and in in
vivo artificial diet bioassays (Urwin et al., 1997; Vain et al., 1998;
Bhattacharya et al., 2007; Amorim et al., 2008; Ramos et al., 2009). The
natural protective role of PIs against phytophageous insects and the
availability of Pl-encoding sequences encouraged the development of pest-
resistance programmes based on PI expression in transgenic plants (Ryan,
1990; Birk, 2003).

First transgenic plant expressing plant PI was produced by Hilder et
al., (1987), by transferring trypsin inhibitor gene from Vigna unguiculata to
tobacco, which conferred resistance to wide range of insect pests including
lepidopterans such as Heliothis and Spodoptera, coleopterans such as
Diabrotica, Anthonomnous and orthoptera such as Locusts. Furher there is no
concrete evidence for its toxic or deleterious effects on mammals. Many of
these protease inhibitors are rich in cysteine and lysine, contributing to better
and enhanced nutritional quality (Ryan, 1989). Protease inhibitors also exhibit
a very broad spectrum of activity including suppression of parhogenic
nematodes like Globodera tabaccum, G. pallida, and Meloidogyne incognita

by cowpea trypsin inhibitor (CpTI) (Willimson and Hussey, 1996), inhibition
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of spore germination and mycelium growth of Alternaria alternate by
buckwheat trypsin/chymotrypsin inhibitor (Dunaewskii et al., 1997). Cysteine
PIs from pearl millet inhibit growth of many pathogenic fungi including
Trichoderma reesei (Joshi et al., 1998). These properties make Pls an ideal
choice to be used in developing transgenic crops resistant to insect pests.
Further, transformation of plants with PI encoding cDNA clones appears
attractive not only for the control of plant pests and pathogens, but also as a
means to produce recombinant PIs in substantial amounts, useful in alternative
systems and the use of plants as factories for the production of heterologous
proteins (Sardana et al., 1998; Rival et al., 2008; Vancanneyt et al., 2009).

The advantages of using Pls as insect-control agents include: (i) their
activity against a wide range of insects, (ii) their use as a second mechanism to
help in preventing development of insects that are resistant to Bt endotoxin,
(ii1) their inactivation with cooking and (iv) the common nature of such
inhibitors in food of human as well as animals. The major disadvantages are
(1) the high levels of protein required for insect killing and (ii) the potential
need to regulate protein expression to specific plant organs (Brunke and
Meeusen, 1991).

Further, as the PIs are primary gene products, their genes are excellent
candidates for engineering pest-resistance into plants (Boulter, 1993). The
availability of diverse genes from different plant sources is in itself an
advantage, as two or more genes can be transferred in combination and their

products could target different physiological aspects (Urwin, 1998).
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Classification of plant Pls

Laskowski and Kato (1980) have classified the “Proteinase inhibitors”
into several families based on extensive homology among its members,
topological relationships between the disulfide bridges and the location of the
reactive site. Plant serine PIs that obey the standard mechanism are grouped
into soybean (Kunitz), Bowman—Birk, potato I and II, and squash families
(Laskowski and Kato, 1980; Birk, 2003; Schirra et al., 2008). Several other
inhibitor families, such as barley, ragi 1 and 2, thaumatin and serpin have also

been suggested (Ryan, 1990; Dahl et al., 1996; Ascenzi et al., 1999).

Table 1: Families of proteinacious inhibitors of protease in plants

Family Protease inhibited

A. Serine protease inhibitors Trypsin and Chymotrypsin
Soyabean trypsin inhibitor (Kunitz) family
Bowman-Birk family
Barley trypsin inhibitor family
Potato inhibitor I family
Potato inhibitor II family
Squash inhibitor family
Ragi I-2/maize trypsin inhibitor family

Serpin family

B. Cysteine protease inhibitors Papain, Cathepsin B, H, L

( Phytocystatins)

15



C. Metallo-protease inhibitors Carboxypeptidase A, B

D. Aspartic protease inhibitor Cathepsin D

A. Serine protease inhibitors

Serine PIs are universal throughout the plant kingdom. They have been
reported from a variety of plant sources and are the most-studied class of PIs.
Their physiological roles include the regulation of endogenous proteinases
during seed dormancy, the reserve protein mobilization, and the protection
against the proteolytic enzymes of parasites and insects (Birk, 2003).
Moreover, they may also act as storage or reserve proteins. The two best-
characterized families of plant serine PIs are the Kunitz-type and Bowman—
Birk type inhibitors. Kunitz-type inhibitors have a molecular mass of 18-22
kDa, one or two polypeptide chains, a low cystine content (usually with four
Cys residues in two disulfide bridges), and one reactive site. In contrast,
Bowman—Birk type inhibitors have a lower molecular mass (8—10 kDa), high
cystine content, two reactive sites and typically found in legume seeds (Birk
1996, 2003). They bind simultaneously and independently to two separate
enzyme molecules, such as trypsin and chymotrypsin (Birk, 1985, 2003; Bode

and Huber, 1992; Mc Bride et al., 2002; Qi et al., 2005).

In general, serine PIs behave as pseudo-substrates, with the amino acid
at position P1 of the inhibitor determining the specificity for the enzyme, either
trypsin or chymotrypsin (Bode and Huber, 1992). In spite of differences in

primary structure and topology, the reaction center structure and mechanism of
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action are well preserved among serine Pls (Qi et al., 2005). Some of the plant
serine PIs are bifunctional molecules, being able to inhibit trypsins as well as -

amylase (Strobl et al., 1995; Haq et al., 2005).

B. Cysteine protease inhibitors

Plant cystatins or phytocystatins are the second most studied class of
inhibitors. Phytocystatins have been identified in a variety of monocot and
dicot species, such as maize, rice, potato, soybean and apple (Kondo et al.,
1990; Abe et al., 1991, 1996; Botella et al., 1996; Gruden et al., 1997; Ryan et
al., 1998; Tian et al., 2009). One group of phytocystatins contain a single
domain and comprise the majority of phytocystatins (Pernas et al., 1998),
whereas a second group has multiple domains, such as the multicystatins found
in potato tubers, tomato leaves and sunflower seeds (Walsh and Strickland,
1993; Wu and Haard, 2000; Kouzuma et al., 2000). The phytocystatins differ
largely from animal cystatins (Kondo et al., 1991; Brown et al., 1997; Arai et
al., 2002), by displaying high inhibitory activity towards insect gut proteinases
(Bode and Huber, 1992; Koiwa et al., 1997, Martinez et al., 2007) making
them attractive as biological control agents of insect pests (Gatehouse and
Gatehouse, 1998; Ussuf et al., 2001; Benchabane et al., 2008). The cysteine
PIs (present in tomato and potato) confer resistanse and protect the plants from
cowpea weevils (Gatehouse et al., 1986; Amirhusin et al., 2004) and Colorado
potato beetles (Wolfson and Murdock, 1987) which employ cysteine

proteinases as important digestive enzymes. The incorporation of cysteine Pls
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into artificial diet and transgenic plants have been shown to have toxic effects

on the larvae (Annadana et al., 2002; Outchkourov et al., 2004).
C. Metallo-protease inhibitors

The metallo-protease inhibitors in plants are represented by the
metallo-carboxypeptidase inhibitor family in tomato (Rancour and Ryan, 1968)
and potato plants (Hass et al., 1975; Graham and Ryan, 1981). However,
Shahverdi et al., (2006) purified two matrix metalloproteinase protease
inhibitors from Ferula persica which exhibited a selective inhibitory effect on

tumor cell invasion.
D. Aspartic protease inhibitors

Aspartic Pls are a relatively less studied class, mainly due to their rarity
of occurrence. Potato tubers possess an aspartic proteinase (cathepsin D)
inhibitor (Mares et al., 1989) that shares considerable amino acid sequence
identity with the soybean trypsin inhibitor (SBTI). However, Christeller et al.,
(1998, 2006) have purified and characterized an aspartic protease inhibitor

from the squash (Cucurbita maxima) phloem exudates.
Distribution and localization

Soybean trypsin inhibitor was the first PI isolated and characterized.
Since then many PIs have been found widely distributed throughout the plant
kingdom. Most of the plant PIs that have been characterized are from the
Gramineae (Poaceae), Leguminosae (Fabaceae), and Solanaceae families

(Brzin and Kidric, 1995). PIs are usually found in storage organs, such as seeds
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and tubers, but their occurrence in the aerial part of plants, as a consequence of
several stimuli has also been widely documented (De Leo et al., 2002). PIs are
also found in non-storage tissues, such as leaves, flowers and roots (Brzin and
Kidric, 1995; Xu et al., 2001; Sin and Chye, 2004). PIs may accumulate to
about 1 to 10% of the total protein in these storage tissues, while upto 1% in
leaves of tomato and potato (Ryan, 1968). Reports also show the presence of
Pls in yeast (Matern et al., 1979; Winterburn et al., 2007) and other fungi

(Richardson, 1977, Steenbakkers et al., 2008).

Localization studies reveal the presence of a trypsin inhibitor in the
cytosol of mung bean cotyledonary cells (Chrispeels and Baumgartner, 1978).
Soybean trypsin inhibitor (SBTI) was reported to be mainly present in the cell
wall, with lesser amount in protein bodies, cytoplasm, and the nuclei of
cotyledonary and embryonic cells. Soybean Bowman- Brik inhibitor (SBBI)
was mainly found in protein bodies, the nuclei, and to a lesser extent in the
cytoplasm. In contrast to SBTI, small quantity of SBBI was also located in the
intercellular space but not in the cell wall (Horisberger and Tacchini-
Vonlanthen, 1983). The wound-induced inhibitors accumulate in vacuoles of
tomato, wild tomato, and potato leaves. Xu et al., (2004) described the
expression of a PIN2 protein from S. americanum (Mill.) in phloem of stem, in
addition to roots and leaves, suggesting a novel endogenous role for PIN2 in
phloem. Further research showed that both SaPIN2a and SaPIN2b are

expressed in floral tissues (Sin and Chye, 2004). The exact cellular distribution
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of many of the PIs is still unknown, therefore, further research is needed in this

area to elucidate their exact subcellular location.
Properties and functions

Plant PIs usually have a high content of cysteine residues (Richardson,
1991) that form disulfide bridges (Greenblatt et al., 1989; Hung et al., 2003)
and confer resistance to heat, wide pH ranges, and proteolysis (Richardson,
1991). For example, a trypsin inhibitor purified from seeds of Brassica
campestris (BCTI) with molecular weight of 8 kDa was found to be a
thermostable Bowman-Birk type trypsin inhibitor that inhibits trypsin at the
molar ratio 1:1. The stability of BCTI is apparently related to the presence of
the disulfide bridges (Hung et al., 2003). The plant PIs normally have little or

no carbohydrate moiety (Richardson, 1977).

Studies on the biosynthesis of several plant PIs demonstrated that they
are synthesized either as prepro-proteins (Graham et al., 1985a) or as pre-
proteins (Graham et al., 1985b) that are processed in vivo, either during or after
synthesis to produce the native PIs (Nelson and Ryan, 1980). Some small Pls
are derived in vivo from the post-translational processing of multidomain
precursors (Sanchez- Serrano et al., 1986; McManus et al., 1994a; Miller et
al., 2000). Variety of PIs are known to be produced in response to various
stress conditions like pathogens, insect attack, wounding, and environmental
stresses such as high salt etc. (Koiwa et al., 1997). They are also synthesized
during normal course of development including programmed cell death

(Solomon et al., 1999)
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Sweet potato PIs (SPTIs), which inhibit endogenous serine protease
activity, also proved to have both dehydroascorbate reductase and
monodehydroascorbate reductase activities and respond to environmental
stresse (Hou and Lin, 1997). Further, trypsin inhibitors in sweet potato account
for about 60% of total water soluble proteins and could be recognized as

storage proteins (Lin and Chen, 1980; Yeh et al., 1997a).

Protease inhibitors are now well established as a class of cancer
chemopreventive agents (Kennedy, 1998; Lippmann and Matrisian, 2000;
Birk, 2003). Several PIs are undergoing further evaluation in human clinical
trials (Fear et al., 2007). The use of protease inhibitors as therapeutic agents, in
particular, their use in cellular transformation, blood clotting disorders,
osteoporosis, obesity, cardiovascular, neurodegenerative and retroviral diseases

is under thorough investigation (Hocman, 1992; Birk,, 2003; Fear et al., 2007).
Specificity

In some cases the PIs exhibit a narrow range of specificity, being
capable of inhibiting either only one or two closely related proteinases, whilst
others of broad specificity are active against a wide range of different enzymes.
Trypsin inhibitors are generally inhibitory towards related enzyme
chymotrypsin (Kassel, 1970; Birk, 2003). In some cases the reactive site of the
inhibitor is same for both enzymes. However, there are large number of
inhibitors which are either double ‘headed’ or ‘polyvalent’, i.e., containing
different reactive sites for the independent inhibition of the two proteolytic

enzymes (McBride et al., 2002; Birk et al., 2003; Qi et al., 2005). It should be
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noted that some potent inhibitors of trypsin are inactive or only weakly active
against chymotrypsin (Wilson and Laskowski, 1973) and vice versa (Iwasaki et
al., 1971; Kiohara et al., 1973). Sometimes the trypsin or chymotrypsin
inhibitors are strictly specific for these two enzymes (Belew et al., 1975).
However, there are many of them which inhibit a range of other serine
proteases such as elastase (Wilson and Laskowski, 1975), thrombin, plasmin
and kallikrein (Sakato et al., 1975). They were also shown to inhibit enzymes
of other groups, for example, chymotrypsin inhibitors from broad bean also
inhibited the sulthydryl enzyme papain (Birk, 2003). Similarly the PIs isolated
from cultivated cells of Scopolia japonica included the acidic proteinase
pepsin in their broad spectrum of specificity (Sakato et al., 1975). The
soyabean trypsin inhibitor has been shown to inhibit clostripain, a microbial
enzyme similar to trypsin, but having the catalytic site of an —SH protease

(Siffert et al., 1976).
Mechanism of action

The mechanism of binding of the plant PIs to the insect proteases
appears to be similar with all the four classes of inhibitors. The inhibitor binds
to the active site on the enzyme to form a complex with a very low dissociation
constant (107 to 10™'* M at neutral pH values), thus effectively blocking the
active site. A binding loop on the inhibitor, usually "locked" into conformation
by a disulphide bond, projects from the surface of the molecule and contains a
peptide bond (reactive site) cleavable by the enzyme (Terra et al., 1996;

Walker et al., 1998; Birk, 2003). This peptide bond may be cleaved in the
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enzyme inhibitor complex, but cleavage does not affect the interaction, so that
a hydrolyzed inhibitor molecule is bound similar to an unhydrolyzed one. The
inhibitor thus directly mimics a normal substrate for the enzyme, but does not
allow the normal enzyme mechanism of peptide bond cleavage to proceed to

completion i.e., dissociation of the product (Walker et al., 1998).

PIs inhibit the protease activity of insect gut proteolytic enzymes and
reduce the quantity of proteins that can be digested (Ramos et al., 2009), and
also cause hyperproduction of the digestive enzymes which enhances the loss
of sulfur amino acids (Shulke and Murdock, 1983; Konrad et al., 2009)) as a
result of which, the insects become weak with stunted growth and ultimately
die. Retardation of insect development, slower rate of growth and reduced
fitness for survival would allow a much wider window within which the other
pesticides including biopesticides could be successfully employed for the
management of insects. This would help to generate greater confidence in
integrated pest management (IPM) by farmers, who normally prefer complete

insect control based on chemicals (Sharma et al., 2000).
Transgenic plants expressing Pl gene

Transformation of plant genome with Pl-encoding cDNA clones as
well as PI genes appears attractive, not only for the control of plant pests and
pathogens, but also because it can produce Pls useful for pharmaceutical and
therapeutic applications. The potential of these inhibitors has already been
demonstrated by diet incorporation assays or by in vitro inhibition studies of

digestive proteinases. In the last few years, cDNA sequences encoding
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different PIs have been incorporated in the genome of variety of plants such as

cereals, rapeseed, tobacco, potato etc., and protective effects have been

obtained in some cases, mainly against lepidopteran pests (Table 2)

Table 2: Protease inhibitors conferring resistance against insect pests.

Inhibitor specificity
and
plant source

Target insect

Test condition

Reference

Serino proteinase
inhibitors

V. unguiculata
(cowpea)

(trypsin inhibitor)

_Lepidoptera
Heliothis virescens

Manduca sexta
Helicoverpa zea

Chilo suppressalis
Spodoptera infestans
Lacanobia oleracea

Pieris rapaee

Heliothis armigera

Coleoptera
Otiorhynchus

sulcatus
Euscepes
postfaciatus

Transgenic tobacco
Transgenic tobacco
Transgenic tobacco

Transgenic rice
Transgenic rice
Transgenic potato ,
artificial diet

Transgenic cabbage
Transgenic cabbage
Transgenic
strawberry

Transgenic
sweetpotato

Hilder et al., 1987
Hilder et al., 1987
Hoffmann et al.,
1992
Xuetal., 1996
Xu et al., 1996
Gatehouse et al.,
1997, 1999a; Bell
etal., 2001

Hao and Ao,
1997

Hao and Ao,
1997

Graham et al.,
1996

Golmirizaie et al.,
1997

G. max (soybean

Lepidoptera
Heliothis virescens

Transgenic tobacco

Gatehouse et al.,

Kunitz trypsin 1993
inhibitor) Lacanobia oleracea | Transgenic potato, | Gatehouse et al.,
Artificial diet 1999a,b
Diatrea saccharalis | Artificial diet Pompermayer et
al., 2001
Spodoptera littoralis | Transgenic tobacco, | Marchetti et al.,
Artificial diet 2000
Lepidoptera
Leucaena Heliothis armigera Artificial diet Nandeesha and
leucocephala Prasad, 2001
(trypsin inhibitor)
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Solanum tuberosum
(potato)

(trypsin inhibitor I)
(trypsin/chymotrypsin
inhibitor II)

Lepidoptera
Chrysodeixis

eriosoma
Manduca sexta

Sesamia inferens
Coleptera
Plagiodera
versicolor

Transgenic tobacco
Transgenic tobacco
Transgenic rice

Transgenic poplar

McManus et al.,
1994

Johnson et al.,
1989

Duan et al., 1996

Klopfenstein et
al., 1997

Lycospersicum
esculentum

(tomato)
(trypsin/chymotrypsin
inhibitor II)

Lepidoptera
Manduca sexta

Transgenic tobacco

Johnson et al.,
1989

Ipomea batatus
(sweetpotato)
(trypsin inhibitor)

Lepidoptera
Spodoptera litura

Transgenic tobacco

Yeh et al., 1997b

Sinapis alba (white
mustard)
multidomain inhibitor

Lepidoptera
Plutella xylostella

Mamesrra brassicae

Spodoptera littoralis

Transgenic
Arabidopsis/oilseed
rape

Transgenic
Arabidopsis/oilseed
rape

Transgenic
Arabidopsis/tobacco

De Leo et al.,
2001

De Leo et al.,
2001

De Leo et al.,
1998

Schistocerca gregaria
proteinase inhibitor

Lepidoptera
Leptinotarsa

decemlineata

Transgenic potato

Kutas et al., 2004

Nicotiana alata

Lepidoptera
Epiphyas postvittana

Transgenic apple

Maheswaran et

proteinase inhibitor al., 2007
Lepidoptera
Potato PI-1I & Heliothis obsolete Transgenic tomato | Abdeen et al.,
Carboxypeptidase Liriomyza trifolii } 2005
inhibitor
Lepidoptera
Mustard trypsin Spodoptera littoralis | Transgenic tobacco | DeLeo &

inhibitor MTI-2

Gallerani, 2002

Lepidoptera

Brassica juncea Spodoptera litura Transgenic tobacco | Mandal et al.,
trypsin inhibitor Transgenic tomato | 2002
(BjTI)
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Cystein proteinase
inhibitors

Oryza sativa (rice)
(oryzacystatins I
and II)

Coleoptera
Chrysomela tremulae

Callosobruchus
chinensis

Hemiptera
Riptortus clavatus

Lepidoptera
Cnaphalocrocis

medinalis

Thysanoptera

Transgenic poplar

Artificial diet

Artificial diet

Transgenic rice

Leple et al., 1995

Kuroda et al.,
1996

Kuroda et al.,
1996

Han et al., 2007

Frankliniella Transgenic potato Outchkourov et
occidentalis al., 2004
Coleoptera

G. max (soybean) C. maculatus Artificial diet Koiwa et al.,

(soyacystatins N 1998

and L)

Arabdopsis thaliana

Coleoptera
Chrysomela populi

Transgenic poplar

Delledonne et al.,
2001

Groundnut and its protease inhibitors

Cultivated groundnut, also known as peanut (Arachis hypogaea L.), is

grown on nearly 24 million hectares between latitudes 408 °N and 408 S with

a total global production of 34.5 million tones (FAO, 2000). Although

originated in South America, the vast majority of groundnut is produced in

Asia and Africa [Asia 68% (23 Mt), Africa 24% (8 Mt)].

The largest groundnut acreage in Asia occurs in India. However, China

is frontrunner in total production. The average yield of groundnut in China is

3.1 t/ha while in India it is 1.0 t/ha. The key factors contributing to higher

yields in China are (i) deployment of improved varieties which cover 90% of
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the groundnut plantation area, (ii) adoption of improved cultural practices
including crop rotation and polythene film mulching, (iii) recognition of
groundnut growers which produce high yield, and (iv) national policies for
price support systems and marketing opportunities (Shuren et al., 1996).

Groundnut is one of the world’s most important oilseeds crop (FAO,
1999). It is one of the major sources of vegetable protein and edible oil in both
developed and developing countries (Dwivedi et al., 2003). Groundnut is also
a rich source of minerals (phosphorus, calcium, magnesium, and potassium)
and vitamins (E, K, and B group) (Savage and Keenan, 1994). Oleic, linoleic,
and palmitic fatty acids, together, account for over 80% of the total fat in
groundnut seeds (Dwivedi et al., 1993a). The cake remaining after oil
extraction is extremely used as animal feed (Savage and Keenan, 1994).
Groundnut haulms which is rich in proteins, constitute approximately 45% of
the total plant biomass, and provide excellent forage for cattle (Cook and
Crosthwaite, 1994).

In India groundnut is one of the major oilseed crops, it accounts
approximately 32% of the oilseed area and 39% of oilseed production. It is
grown in three seasons, i.e. kharif (monsoon or rainy season), rabi (post rainy
winter season) and summer. The rainy season groundnut, which is grown
during the south west monsoon period (June-November) is spread over the
entire country and is generally rainfed. The post rainy season groundnut is

confined to South India and Orissa and is raised mostly in rice fallows during
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October—March. The summer groundnut is mostly grown in the Central Indian
States of Gujarat, Maharashtra and Madhya Pradesh from January—May.

Despite its high production potential, the actual yields on farmer’s
fields are quite low largely because of insect pests and diseases. More than 350
species of insects damage this crop in different parts of the world (Stalker and
Campbell, 1983), among which lepidopteran insects like Spodoptera litura,
Spodoptera littoralis, Spodoptera frugiperda, Helicoverpa zea and
Helicoverpa armigera are very important. Two decades ago, Spodoptera litura
was a minor pest of groundnut. However, it has now become a major pest
particularly of irrigated groundnut in Andhra Pradesh and Karnataka states of
India (Amin, 1988; Ghewande and Nandagopal, 1997).

Host plant resistance is one of the most economical and environment-
friendly method of keeping pest population below economic injury levels
(EILs). Opportunities for more sustainable use are offered by an integrated
approach based on IPM. Given the costs of production and pest losses, it could
be most economic and feasible to develop an IPM programme for groundnut.

The levels of resistance to insect pests in cultivated groundnut (Arachis
hypogaea) germplasm was found to be fairly low (Sharma et al., 2003). On the
other hand screening studies with wild species of Arachis clearly revealed their
multiple resistances not only against various insect pests but also against
fungal pathogens (Stevenson et al., 1993; Sharma et al., 2003). Hence wild
Arachis species are likely to harbor genes capable of imparting high levels of

resistance to diseases and insect pests.
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Although few attempts have been made to purify and characterize the
Bowman-Birk protease inhibitors (Norioka et al., 1983; Tsunog et al., 1986;
Suzuki et al., 1987, 1993) as well as clone their cDNAs from A. hypogaea
(Dodo et al., 2004; Boateng et al., 2004), but to the best of our knowledge it
has not been attempted for wild species of groundnut which show multiple
insect resistance.

One of the major concerns in this area is that many of the wild Arachis
species are not cross compatible with cultivated groundnut. However, efforts to
overcome incompatibility in wide crosses have started to liberate resistance
genes in interspecific progenies. But these progenies carry a lot of linkage
drag. Hence, identification of PIs from the wild species and their transfer to the
cultivable species seems to be a good alternative to be tested for developing

insect resistant transgenic groundnut plants.

With this background in view the following objectives were formulated
for the present study:
v Survey of wild species of groundnut for their antifeedant/insecticidal
activity
v" Correlation of leaf surface structure with larval feeding
v" Purification and partial characterization of protease inhibitors from leaf

ectracts of the wild ground nut plants
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Chemicals

Brilliant blue G-250, BSA (bovine serum albumin, fraction V), 2-
mercaptoethanol, Brilliant blue- R-250, Freund’s complete adjuvant, Freund’s
incomplete adjuvant, sodium azide, NBT/BCIP (nitro blue tetrazolium /5-
bromo-4-chloro-3-indolyl phosphate), polyvinyl polypyrrolidone,
polyethyleneimine, Sepharose 4B, BApNA (N-benzpoyl-DL-arginine-p-nitro
anilide), PMSF (phenyl methyl sulfonyl fluoride) were obtained from Sigma
Chem. Co. (St. Louis, USA). Tricine, sodium dodecyl sulfate, acrylamide,
N,N'- methylene bis-acrylamide, glycerol, bromophenol blue etc., were
obtained from Sisco Research Laboratories Limited, Mumbai. Tween-20,
sodium ascorbate and gelatin were procured from HiMedia Laboratories Pvt.
Limited, Mumbai. Alkaline phosphatase conjugated anti-rabbit IgG was
obtained from Bangalore Genei, Bangalore. All other chemicals used were of
analytical grade and were obtained from local sources in India. Whatman No. 1
filter paper and nitrocellulose membrane were obtained from Pall Life

Sciences, USA.
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Plants

Seeds of A. duranensis, A. cardenasii, A. correntina, A. stenosperma
(all wild species) and JL-24 (cultivated species) were procured from ICRISAT,
Patancheru, Hyderabad, germinated, planted and grown in plant culture facility

of the university.

Experimental insects

(A) Spodoptera litura (Fabricius)

It is commonly known as tobacco cutworm or cluster caterpillar and
belongs to the order Lepidoptera and family Noctuidae. It is a polyphagous
pest affecting many crop plants which include tobacco, cotton, tomato, rice,
castor, groundnut and many vegetables. The damage may reach upto 100% if
the the insect infests at the early stages of crop.

Its life cycle consists of distinct larval, pupal and adult stages. The
larvae or caterpillars are nocturnal in habit and it is the active feeding stage of

the insect which feeds on the crop plant.
Rearing of Spodoptera litura

Healthy second instar larvae were procured from Directorate of Oil
Seeds Research (DOR), Hyderabad, India and were reared in clean plastic
troughs at insect culture facility of the department. Fresh castor leaves were
provided to the larvae everyday. Pupae were collected and maintained in
troughs containing moist sand and allowed to reach adult stage. The adults
were transferred to egg laying cage and fed with 20% commercial honey

(Honeyrex) containing vitamin E (Evinal-200) using cotton swab. The egg
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masses were collected alternate day and sterilized. They were maintained on a
moist filter paper and allowed to hatch. The cultures were maintained in insect
culture room at 26 + 1 °C, 60 + 5% relative humidity (RH) and 14:10 h

light:dark (LD) photoperiod.
(B) Achaea janata

It is commonly known as castor semilooper, belongs to the order
Lepidoptera and family Noctuidae. The caterpillar primarily feeds on castor
species Occasional hosts include banana, cabbage, Chinese cabbage, crown of
thorns, Ficus, macadamia, mustard, poinsettia, rose, sugarcane and tomato as
well as some legumes, teas, and other Brassica species.

Its life cycle consists of distinct larval, pupal and adult stages. The
larvae or caterpillars are nocturnal in habit and it is the active feeding stage of

the insect which feeds on the crop plant.
Rearing of Achaea janata

Healthy and actively feeding larval forms were collected from local
castor field and maintained on fresh castor leaves in insect culture room at 26 +
1°C, 60 + 5% RH and 14:10 h LD photoperiod. Pupae were allowed to reach
adult stage on a cotton bed in a plastic trough. The adults were collected and
maintained in breeding cages and fed with 20% commercial honey (Honeyrex)
containing vitamin E (Evinal-200) using cotton swab. The eggs were collected
and allowed to hatch on a moist filter paper. The freshly emerged larvae were

transferred to fresh tender leaves
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Stages used for the present study

2n 31 4™ 5™ and 6™ instar larvae of Spodoptera litura and last (6™)

instar larvae of Achaea janata were used for the present study.
Bioassays

Extensive bioassays were carried out using various larval stages of
Spodoptera litura. For each assay six to eight larvae of respective instars were
placed in plastic boxes containing detached leaves of the different Arachis
species, which include A. duranensis, A. cardenasii, A. correntina, and A.
stenosperma. The boxes were kept under greenhouse conditions. Damp
absorbent paper provided humidity in the boxes. Leaves were replaced by fresh
ones every day and the weight of larvae was noted every 48 h. For all the

bioassays JL-24 fed larvae were used as control.
Electron microscopic studies

For scanning electron microscopic studies, young and old leaves from
above mentioned species were analysed using ESEM (XL-30) of FEI (at
Central Instrumentation Laboratory of the university). The clean and fresh
leaves were detached from plants and taken to CIL in a moist filter paper. They
were gold coated using sputter coater for 5 min. A uniform thickness of around
400 °A was maintained. After gold coating the samples were introduced into
vacuum chamber of the scanning electron microscope and the samples were
analyzed under different magnifications and resolutions depending upon the

requirement.
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Protein sample preparation

Midgut homogenates from Spodoptera litura and Achaea janata

The S. litura and A. janata midgut homogenates were prepared
according to the method of Ahmad et al., (1980) with slight modification. The
final instar larvae were anaesthetized on ice, midgut was dissected out in an ice
cold iso-osmotic saline (0.15 M NaCl) and homogenized in 0.1 M. Tris-HCI
buffer pH 8.0 (1 ml for each gut). The slurry was centrifuged at 12,000 x g for
20 min at 4 °C. The clear supernatant, designated as midgut homogenate, was
transferred to a pre-chilled microfuge tube. This midgut homogenate enzyme
preparation was divided into aliquots of 200 pl and stored at -20 °C until

further use (upto two weeks).

Midgut luminal enzyme preparation from S. litura and A. janata

The final instar larvae of S. litura and A. janata were anaesthetized on
ice and the digestive tract was dissected using ice cold iso-osmotic saline (0.15
M NacCl). It was then cleaned of unwanted adhering tissues and the gut luminal
contents were collected into a pre-chilled microfuge tube, containing 0.1 M
Tris-HCI (pH 8.0), by gently squeezing the wall of the midgut. The collected
sample was centrifuged at 12000 x g for 20 min at 4 °C and the clear
supernatant was designated as midgut luminal enzyme preparation. It was
divided into aliquots of 200 ul. The samples were stored at -20 °C until further

use (upto two weeks).
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Macromolecular quantification

Protein

Protein content in various samples was estimated using micro-protein

assay method of Bradford (1976).
Preparation of protein reagent

10 mg of Brilliant blue G-250 (Sigma) was dissolved in 5 ml of 95%
ethanol. To this solution, 10 ml of 85% (w/v) orthophosphoric acid was added.
The resulting solution was diluted to a final volume of 100 ml with distilled
water, filtered through Whatman No. 1 filter paper and stored in an amber

colored bottle at 4 °C.
Procedure for protein estimation

An aliquot of the sample was taken into a tube and the volume was
adjusted to 0.1 ml with 10 mM Tris-HCI1 (pH 7.4). To this, 1 ml of protein
reagent was added and mixed. After 10 min, absorbance at 595 nm was
measured spectrophotometrically against a protein sample blank. The protein

content in the sample was calculated using a standard curve prepared using

BSA (fraction V).

Polyacrylamide gel electrophoresis

Denaturing gel electrophoresis (SDS-PAGE)

For protease inhibitor studies Tris-tricine sodium dodecyl sulfate -
polyacrylamide gel -electrophoresis (SDS-PAGE) with acrylamide:N,N'-
bisacrylamide (49.5% T, 3% C; T denotes the total percentage concentration of

both monomers i.e. acrylamide and bisacrylamide and C denotes the
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percentage concentration of the crosslinker relative to the total concentration
T) was used according to the procedure of Schagger and Jagow (1987) with
slight modification. The 12% T and 3%C gel was used as a uniform resolving
gel which is overlaid by a 4% T, 3% C stacking gel (1 cm). Electrophoresis
was carried out at 30 V when the sample is in stacking gel and 150 V when the
sample is in resolving gel at 4 °C.

For studying the larval gut proteases, SDS-PAGE method of Laemmli
(1973) was used.

The sample was prepared by mixing an aliquot of the protein sample
with sample buffer containing 0.125 M Tris-HCI (pH 6.8), 4% SDS, 20%
glycerol, 10% 2-mercaptoethanol and 0.002% bromophenol blue followed by

incubation at 100°C for 1 min.

Non-reducing gel electrophoresis

This was carried out as described in denaturing gel electrophoresis
except the change of sample buffer. The sample buffer did not contain any
reducing agent. The 1X sample buffer consisted of 62.5 mM Tris-HCI1 (pH
6.8), 10% glycerol, 0.025% bromophenol blue and 1% SDS. The sample, after

mixing with the sample buffer, was loaded on to the gel without boiling.

Visualisation of trypsin inhibitor by substrate gel electrophoresis
(Zymography)

Leaf extract proteins or purified PIs were separated by non-reducing
SDS-PAGE as previously mentioned with slight modification that the resolving
gel was copolymerized with 0.1% (final concentration) gelatin. After running

the gel, it was soaked in 2.5% Triton X-100 for 1 h. The gel was then washed
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with distilled water for several times and was incubated in the enzyme solution
given below for visualization of different inhibitory activity band(s).

For trypsin inhibitory activity: The gel was incubated in 0.1% trypsin in 0.05
M Tris-HCI buffer (pH 8.2) at 4 °C for 30 min and later for 90 min in the same
solution at 37 °C. Then the gel was stained in comassie Brilliant blue R-250.
For chymotrypsin inhibitory activity: The gel was incubated in 0.05%
chymotrypsin in 0.05 M Tris-HCI buffer (pH 7.8) at 4 °C for 30 min and later
for 90 min in the same solution at 37 °C. Then the gel was stained in comassie
Brilliant blue R-250.

For pepsin inhibitory activity: After washing with Triton X-100 and water, the
gel was washed with 10 mM HCI for several times. Then incubated in 0.1%
pepsin in 10 mM HCI for 30 min at 4 °C and for 90 min in the same solution at
37 °C. Then the gel was stained in comassie Brilliant blue R-250.

For papain inhibitory activity: The gel was incubated in 0.1% papain in 50
mM phosphate buffer (pH 6.8) containing 5 mM cysteine and 2 mM EDTA at 4
°C for 30 min and later for 90 min in the same solution at 37 °C. Then the gel

was stained in comassie Brilliant blue R-250.

Visualisation of protease activity in the SDS-PAGE (Zymography) by casein
diffusion method

The protease activity of larval gut proteases was visualized using the
method of Garcia-Carreno et al., (1993) with slight modification. Non-reducing
gel electrophoresis of larval midgut homogenate and midgut luminal enzyme
preparation was carried out as mentioned above. After electrophoresis, the gel

was immersed in 2% casein in 50 mM glycine-NaOH buffer (pH 10.5) for 60
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min at 4 °C. Then the casein solution was removed and incubated in 50 mM
glycine-NaOH buffer (pH 10.5) at 37 OC for 90 min. Finally the gel was stained

in comassie brilliant blue R-250

Visualization of electrophoretically separated proteins by silver staining

This was carried out according to the procedure of Blum et al., (1987).
The gel was incubated in fixative (50% methanol, 12% acetic acid and 50 pl of
37% formaldehyde/100 ml) for 1 h followed with 3 washes in 50% ethanol.
Subsequently the gel was pretreated with sodium thiosulphate (20 mg/100 ml)
for 1 min and rinsed thrice (20 sec each) with distilled water. The gel was
impregnated with silver nitrate (0.2% with 187 pl of 37% formaldehyde) with
gentle agitation for 30 min. The impregnated gel was rinsed with distilled
water and developed with 6% sodium carbonate (w/v) and 50 pl of 37%
formaldehyde (v/v). Finally, the stained gel was thoroughly rinsed with

distilled water and stored in 50% methanol.
Coomassie staining of polyacrylamide gels

This was carried out according to the method of Wilson (1983). The gel
was incubated for staining in coomassie solution (0.025% Brilliant blue- R250
in 40% methanol and 7% acetic acid) for 30 min. To visualize the reversible
binding of stain to peptides, destaining with 5% methanol and 7.5% acetic acid

was done to remove background staining.
Generation of polyclonal antibodies against protease inhibitors

The polyclonal antibody was raised against the purified protease

inhibitors. For that, three months old male rabbits (New Zealand variety) were
38



injected with 100 pg of purified protease inhibitor (emulsified with 500 pl of
Freund’s complete adjuvant) by subcutaneous injections into various sites on
the back. Prior to injection, the lateral ear vein was bled to collect pre-immune
serum. After a fortnight, first booster injection was given followed by a second
booster injection after seven days. For booster injections, 50 pg protein
emulsified with Freund’s incomplete adjuvant was used. The blood was
collected after a week of second booster injection. The collected blood was left
overnight at 4 °C for clotting and the antiserum was collected by centrifugation
at 5,000 x g for 20 min. The antiserum was aliquoted and stored at -20 °C after

adding 25% glycerol and 0.001% sodium azide.
Western blotting and immunostaining

The electrophoretically separated polypeptides were transferred
(electro-blotted) to nitrocellulose membrane using Trans-Blot apparatus (Bio-
Rad) according to the procedure of Towbin et al., (1979). For this, the gel was
first equilibrated in Towbin buffer (25 mM Tris, 192 mM glycine and 20%
methanol) for 30 min followed by transfer to the membrane for 3 h at 70 V
with 250 mA current limit. The transfer of protein to membrane was checked
by reversible Ponceau S staining (100 mg Ponceau S in 5% acetic acid). The
stain was removed by 3-4 washes with TBST [Tris buffered saline with
Tween-20 (10 mM Tris-Cl (pH 7.4), 150 mM NaCl and 0.1% Tween-20
(v/v))]. For immunostaining, the protein blot was processed with 3% BSA
(w/v) in TBST for 1 h at room temperature to block the non-specific binding
sites followed by washing with TBST (10 min x 5 changes). The blot was then

incubated with the primary antibody diluted in TBST containing 3% BSA
39



(w/v) for 2 h to overnight. This was again followed by a thorough wash in
TBST (10 min x 5 changes). Thereafter, the blot was incubated with alkaline
phosphatase (ALP) conjugated anti-rabbit IgG for 1 h. Once again the blot was
washed in TBST (10 min x 5 changes). The visualization of the specific cross-
reactivity was carried out with the substrates of ALP i.e., NBT/BCIP (0.0033%
nitroblue tetrazolium and 0.0165% 5-bromo-4-chloro-3-indolyl phosphate in

10 mM Tris-HCl pH 9.5, 5 mM MgCl, and 10 mM NaCl) for color reaction.

Fractionation and purification of protease inhibitors

Preparation of crude extract

Freshly plucked leaves were thoroughly washed in tap water and then in
distilled water. They were blot dried, condensed in liquid nitrogen and ground
well. The liquid nitrogen was allowed to evaporate and the powder thus
obtained was extracted in extraction buffer by stirring for 1h at room
temperature. The extraction buffer contained insoluble polyvinyl
polypyrrolidone (equal to the weight of the leaf tissue and presoaked in the
buffer for 2 to 4 h), 0.2 M sodium tetraborate, 0.25 M sodium ascorbate, 20
mM sodium metabisulphite, 13 mM B mercaptoethanol, 10 mM EDTA and 2
mM PMSF. The slurry was centrifuged for 30 min at 10000 x g at 4 °C. In case
the supernatant was not clear, it was centrifuged again. The clear and viscous
supernatant thus obtained was treated with 0.5% polyethyleneimine to remove
the DNA, responsible for the viscosity of the solution (Gegenheimer, 1990;
Burgess, 1991). The DNA precipitate was removed by centrifugation at 10000
x g, 4 °C for 30 min. The clear supernatant was used as crude extract and was

immediately subjected to ammonium sulphate fractionation.
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Ammonium sulphate fractionation

The supernatant was subjected to 60% ammonium sulfate fractionation
by adding slowly and in small amounts the required amount of ammonium
sulfate. After completely adding the salt, the supernatant was fractionated for 4-
5 at 4 °C. Then the solution was centrifuged at 4 "C for 30 min at 12000 x g.
The supernatant was discarded and the precipitate was dissolved in small
volume of 50 mM Tris-HCI buffer (pH 7.4) and was dialyzed exhaustively in
the same buffer. The dialysate was either used for the trypsin affinity column

chromatography immediately or stored at -20 °C until further use
Trypsin affinity chromatography

The dialysate thus obtained was then loaded onto trypsin-Sepharose
column equilibrated with 50 mM Tris-HCI (pH 7.4). The column was washed
extensively with the same buffer and the breakthrough as well as the washings
were discarded. After washing the column, the bound PI(s) were eluted with 10
mM HCI and the eluted fractions were quickly neutralized immediately with 1
M Tris. The eluted fractions with trypsin inhibitor activity were pooled and

lyophilized for further analysis.
Assay of protease and protease inhibitor activity

The assay of trypsin, S. litura midgut protease (SLMP) and A. janata
midgut protease (AJMP) was carried out according to the method of Erlanger et
al., (1961) using BApNA as substrate. Trypsin solution (1 mg/ml) was
prepared by dissolving trypsin in 1 mN HCI. Trypsin (10 pg) or SLMP/AIMP

of trypsin equivalent activity was mixed with 1 ml of 50 mM Tris-HCI buffer
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(pH 8.2) (for commercial trypsin activity) or 50 mM glycine-NaOH buffer (pH
10.5) (for trypsin activity in SLMP and AJMP). The reaction was initiated by
the addition of 1 ml of 1 mM BApNA (10% DMSO in 50 mM Tris-HCI, pH
8.2 or 50 mM glycine-NaOH buffer, pH 10.5) and incubated for 30 minutes at
37 °C. The reaction was terminated by the addition of 200 ul of 30% acetic acid
and the absorbance was taken at 410 nm. One unit of trypsin activity was
defined as the amount of trypsin that increases absorbance by 1 OD/min.

For the inhibitor assay, a suitable volume of A. correntina/A. cardenasii
protease inhibitors was mixed with commercial bovine trypsin (10 pg) or with
SLMP/AIMP of trypsin equivalent activity and incubated at 37 °C for 15 min
and the assays were conducted at 37 °C for 30 min. Residual protease activity
was then estimated as described above. One protease inhibitor unit was defined

as inhibition of 1 unit of protease activity under the given assay conditions.
Thermal stability of A. correntina Pls

An aliquot (30 ul) of the purified A. correntina PIs was added to 62.5
mM Tris-HCI buffer (pH 7.4), 10% glycerol, 1% SDS and 0.002 %
bromophenol blue in 1.5 ml microfuge tube and placed in boiling water for 15
min or 30 min. The remaining inhibitory activity was determined by

zymography assay method.
Partial characterization of S. litura gut proteases

The S. litura midgut proteases were partially characterized by the
method of Michaud et al., (1993) with slight modification. The gut extract (5

pg) was incubated with 1 mM PMSF or 0.3 M TLCK or 0.3 M TPCK in 0.1 M
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Tris-HCI buffer (pH 8.2) for 10 min at room temperature. After treatment with
the inhibitors, the gut protein extracts were fractionated on 10% SDS-PAGE
(Laemmli, 1970). Then the protease activity was visualized in the gel by

zymography method.
Coupling of trypsin to CnBr Sepharose

Trypsin was coupled to CnBr activated sepharose according to the
following method. 1 g of CnBr activated resin was washed and swelled in
several volumes of cold 1 mM HCI for 30 min. A total of 200 ml of HCI (1
mM) was used for each wash and the supernatant was removed by gentle
suction with a pipette. Then the resin was washed with 10 ml of distilled water.
After which the resin was washed with coupling buffer (0.1 M NaHCOs; buffer
containing 0.5 M NaCl, pH 8.3-8.5) and immediately transferred to a solution
of the trypsin (30 mg) in coupling buffer (5 ml) in 15 ml capped centrifuge
tube. The protein was mixed with the gel for overnight at 4 °C (on a rocker with
end-over-end mixing). Then the unreacted trypsin was washed away using
coupling buffer. The unreacted groups in the resin were blocked with 1 M
ethanolamine (pH 8) for 2 h at room temperature. Then the coupled resin was
washed extensively to remove the blocking solution, first with basic coupling
buffer (pH 8.5), then with acetate buffer (0.1 M, pH 4) containing 0.5 M NaCl.
This wash cycle of high and low pH buffer solutions was repeated 6 times.

Then the resin was stored in 1 M NaCl containing sodium azide at 4 °C.
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Effect of feeding on larval body weight

Feeding bioassays carried out with 4™ and 6" instar larvae of
Spodoptera litura on the detached leaves of A. cardenasii showed growth
retardation when compared with control larvae fed on JL-24 leaves (Figs. 1 &

2). 4" instar larvae were more affected than the 6™ instar larvae.
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Fig. 1: Effect of feeding of 4™ instar S. litura larvae on A. cardenasii
leaves. * Each value is mean * SD of 5 different experiments

and for each experiment 10-15 larvae were used.
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Fig. 2: Effect of feeding of 6™ instar S. litura larvae on A. cardenasii
leaves. * Each value is mean £ SD of 5 different experiments
and for each experiment 10-15 larvae were used.
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Bioassays carried out with the detached leaves of A. correntina (Figs. 3
& 4), A. duranensis (Figs. 5 & 6) and A. stenosperma (Figs. 7 & 8) also
showed similar pattern as mentioned above. The 3™ and 4™ instar larvae were

more affected than late instar larvae (5™ or 6").

1000

[t
I A.con
o 800
E
=
GO0
5
@
T
3
=]
m
200 4
il -— L=
0 2 4 6 B8 10 12

No. of days

Fig. 3: Effect of feeding of 3" instar S. litura larvae on A. correntina
leaves. * Each value is mean = SD of 5 different experiments

and for each experiment 10-15 larvae were used.
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Fig. 4: Effect of feeding of 6™ instar S. litura larvae on A. correntina
leaves. * Each value is mean = SD of 5 different experiments

and for each experiment 10-15 larvae were used.
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Fig. 5: Effect of feeding of 4™ instar S. litura larvae on A. duranensis
leaves. * Each value is mean £ SD of 5 different experiments
and for each experiment 10-15 larvae were used.
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Fig. 6: Effect of feeding of 5" instar S. litura larvae on A. duranensis
leaves. * Each value is mean * SD of 5 different experiments

and for each experiment 10-15 larvae were used.
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Fig. 7: Effect of feeding of 4™ instar S. litura larvae on A. stenosperma
leaves. * Each value is mean = SD of 5 different experiments

and for each experiment 10-15 larvae were used.
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Fig. 8: Effect of feeding of 5™ instar S. litura larvae on A. stenosperma
leaves. * Each value is mean * SD of 5 different experiments

and for each experiment 10-15 larvae were used.



Fig. 9: Effect of feeding of 3" instar S.
litura larvae on leaves of (a) A.
correntina, (b) A. duranensis, (c) A.
stenosperma, (d) A. cardenasii and (e)
JL-24. The larvae were fed for 48 h.
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The effect of feeding of S. litura larvae on wild species of groundnut
leaves is seen as early as after 48 h, when 3" instar larvae were used. The
larvae which fed on wild groundnut leaves (Figs. 9a, 9b, 9c, 9d) did not grow
well when compared with the control larvae fed on JL-24 (cultivated
groundnut species) leaves (Fig. 9e). Of the four wild species A. cardenasii was

found to be most effective in inhibiting the larval growth (Fig. 9d).

Effect of feeding on post-embryonic development and pupal
transformation

There was a marked reduction in the transformation of larvae to pupae
when they were fed on wild groundnut leaves as compared to JL-24 fed larvae
(Fig. 10). The larvae which fed on A. cardenasii leaves were the most affected,
where the pupal transformation was only 32% followed by A. correntina
(51%), A. duranensis (54%), and A. stenosperma (58%) as opposed to control

(JL-24).
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Fig. 10: Effect on larval pupal transformation: 3™ instar larvae of S.
litura were fed on leaves till they reached pupal stage. Each
value is mean £ SD of 5 different experiments and for each
experiment 10-15 larvae were used. * After natural mortality.
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Effect of feeding on protein profile and protein content of the
haemolymph

After feeding, when the larvae reached the stage of 6" instar, they were
sacrificed and haemolymph was collected and the protein was quantified as

well as analysed by SDS-PAGE.

Table 3: Total haemolymph protein content of 6™ instar S. litura. For this
experiment 3™ instar larvae of S. litura fed on leaves of
different groundnut species and allowed to grow till the 6™
instar stage.

Species Quantity (ug/ul)
JL-24 80 + 10.09

A. correntina 32+2.95

A. cardenasii 28 +1.39

A. duranensis 43 +5.28

A. stenosperma 39 £ 3.53

As shown in table 3, there was significant decrease in the quantity of
total protein present in the haemolymph of the larvae that fed on wild
groundnut species when compared with the larvae that fed on cultivated
species. This reduction was almost 65% A. cardenasii while it was 49% in A.

correntina, 53.75% in A. duranensis and 48.75% in A. stenosperma.
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Lane 2: A. correntina
Lane 3. A. cardenasii
Lane 4: A. duranensis
Lane 5: A. stenosperma

Fig. 11: Haemolumph protein profile of S. litura larvae fed on
leaves of different groundnut species. Each lane was
loaded with 25 pg of total haemolymph protein and the
proteins were visualized with Comassie Brilliant Blue.
Note the presence of hexamerin.

Literature survey as well as extensive studies from our laboratory
shows that the hexamerins constitute the major component of storage proteins
in the haemolymph of lepidopteran insects and play important function as
storage proteins which support larva-pupa-adult transformation during post-
embryonic development. SDS-PAGE analysis was carried out to check the fate
of these hexamerins in the experimental larvae. Results presented in the figure
11 show that the hexamerin content is very much reduced in the case of insects
that were fed on leaves of wild groundnut species (lanes 2-5) when compared

with the insects that were fed on cultivated groundnut species (lane 1).
Effect of feeding on larval midgut proteases of S. litura

The 3@ instar larvae of S. litura were fed either with the leaves of JL-24
or A. correntina. When the larvae reached 6" instar the midgut homogenates
were prepared and the midgut proteases were analyzed by activity staining
using casein diffusion method. The results did not show a major variation
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between the protease profile of the larvae that were fed with the leaves of JL-
24 and A. correntina. But there was an increase in the activity of proteases
corresponding to 43, 29, 25 and 20 kDa in the case of larvae that were fed on

A. correntina leaves (Fig. 12, lanes 3-6).
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Fig. 12: Zymograph showing digestive proteinase activity of S.
litura larvae fed on leaves of A. correntina and control
(JL-24) plants. Lanes 2-6 were loaded with 5 pg protein of
larval midgut extract. For this experiment 4™ instar
larvae were fed for 4 days.

Characterization of S. litura larval midgut proteases

The gut protease profile from 6" instar larvae which were grown on
castor leaves was analyzed by substrate gel electrophoresis using casein
diffusion method. For this experiment freshly prepared midgut homogenate
was treated with different protease inhibitors and their effect on the proteases
was analyzed (Fig. 13). Each lane was loaded with 5 pg of the midgut

homogenate protein. The results show the inhibition of the four major
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proteases (25, 32, 34 and 43 kDa) by PMSF (lane 3). Firthermore the inhibition
was fairly high for 32 and 34 kDa proteases, which were almost completely
inactivated. TLCK inhibited completely the protease corresponding to 43 kDa
(lane 4) but had no effect on other proteases. None of the proteases were

affected by the treatment with TPCK (lane 5)
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Lane 3: 1mM PMSF treated
Lane 4: 0.3m TLCK treated
Lane 5: 0.3M TPCK treated

Fig. 13: Zymogram of S. litura midgut proteases showing the
effect of different protease inhibitors. 5 pg of gut protein
extract was fractionated in 10% SDS-PAGE.
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Correlation of leaf surface and feeding inhibition-

As we have seen the retarded growth of the larvae that were fed with
the leaves of wild groundnut species, detailed scanning electron microscopic
studies of leaf surface was carried out to analyze the physical structures which
might be responsible for defenses including the feeding inhibition in the larval
forms of S. litura.

Parameters relating to physical defenses like trichomes were compared
across young and old leaves of wild and cultivated groundnut plants. The
results presented in figures 14-17 clearly show a significant difference between
adaxial and abaxial surface of the leaves. The trichomes are present abundantly
on the abaxial surface of the leaves (Figs. 14 & 15) except for A. duranensis
which has very few numbers of trichomes (Fig. 14c). The adaxial surface of
the leaves show little or no trichomes (Figs. 16 & 17). The density of
trichomes was also notably different between the old and young leaves (Figs.
14 & 15). A. cardenasii possessed the highest density of trichomes (Figs. 14b
& 15b) followed by A. stenosperma (figs. 14d & 15d), A. correntina (Figs. 14e
& 15e), A. duranensis (Figs. 14c & 15c) and JL-24 (Figs. 14a & 15a). The
adaxial surface of both young and old leaves of A. cardenasii (Figs. 16b &
17b), A. stenosperma (Figs. 16d & 17d), A. duranensis (Figs. 16¢c & 17c) and

JL-24 (Figs. 16a & 17a) do not contain any trichome.
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Fig. 14: Scanning electron micrograph of abaxial surface of old (30 days)
leaves of JL-24 (14a), A. cardenasii (14b), A. duranensis (14c), A.
stenosperma (14d) and A. correntina (e). Each micrograph was
taken at 100x magnification. (== Trichome)
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Fig. 15: Scanning electron micrograph of abaxial surface of young (3 days)
leaves of JL-24 (15a), A. cardenasii (15b), A. duranensis (15c), A.
stenosperma (15d) and A. correntina (15e). Each micrograph was
taken at 100x magnification. (=== Trichome)
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Fig. 16: Scanning electron micrograph of adaxial surface of old (30
days) leaves of JL-24 (16a), A. cardenasii (16b), A.
duranensis (16¢), A. stenosperma (16d) and A. correntina
(16e). Each micrograph was taken at 100x magnification.

60



17b

61



Fig. 17: Scanning electron micrograph of adaxial surface of young (3 days)
leaves of JL-24 (17a), A. cardenasii (17b), A. duranensis (17c), A.
stenosperma (17d) and A. correntina (17e). Each micrograph was
taken at 100x magnification. (== Trichome)
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A careful observation of the leaf surface reveals variation in the length

of trichomes across the species (Figs. 14 & 15). The results presented in the

figure 18a show that trichome is the longest in A. stenosperma, followed by A.

cardenasii, A. correntina, A. duranensis and JL-24. However, no correlation

was found between the trichome length and the percentage of gain in body

weight of larvae that fed on the leaves of evaluated groundnut species (Fig.

18b).
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Correlation between the length (arbitrary units) of trichome
and % gain in body weight of S. litura larvae. 3 instar
larvae were allowed to feed on different species of
groundnut leaves. When the larvae reached 6" instar, their
body weight was noted. (a) Length of trichome (b) % gain in
body weight. For each experiment 8-10 larvae were used
and each value is mean * SD of four independent
experiments.
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Purification and characterization of protease inhibitors from A.
correntina and A. cardenasii

In recent years there is a growing interest in the identification of novel
Pls because of their potent antiproliferative activity and in prevention of
carcinogenesis in a wide range of in vivo and in vitro systems/models, as well
as their use in developing pest resistance in otherwise susceptible plants (Qi et
al., 2005). Here we describe the purification and some properties of protease

inhibitors from wild Arachis species A. correntina and A. cardenasii.

Purification and characterization of protease inhibitors from A.
correntina

The crude extract prepared from the thoroughly washed and air dried
leaves (5 g) of A. correntina was used for the purification of protease
inhibitors. All the purification steps were carried out at room temperature

unless otherwise specified. The purification of the Pls is summerised in table 4.

Table 4: Summary of purification of A. correntina Pls

Purification step | Quantity of | Activity against bovine | Specific
protein Trypsin activity
(mg) (Inhibitory units, 1U)

Crude extract of leaf 40.00 43.50 1.08
Dialysate after 60% 12.80 28.30 2.21
(NH,4)2S04
fractionation
Affinity purified 0.825 15.88 19.24
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Pls from leaf of A. correntina were purified to homogeneity using
(NH4),SO,4 precipitation and trypsin-Sepharose affinity chromatography. The
specific activity of the crude extract towards bovine trypsin was 1.08 TIU/mg.
The 60% (NH,4),SO, fraction was applied to a trypsin-Sepharose column. The
bound inhibitor eluted as a single peak, on reducing the pH with 10 mN HCI.
Affinity chromatography proved to be a very convenient step for the isolation
of Pls from leaves, although the possibility of limited digestion of the inhibitor
by the immobilized trypsin during purification cannot be excluded. The

resulting affinity purified Pls have fairly high specific activity (19.19 IU/mg).
Homogeneity and size of the A. correntina Pls

The homogeneity and apparent molecular mass of the A. correntina Pls
were estimated by SDS-PAGE. When subjected to 12% SDS-PAGE (Schagger
and Jagow, 1980) under reducing conditions, the purified protease inhibitor
preparation showed the presence of three polypeptides with molecular weights

of 16, 18 and 20 kDa (Fig. 19).

Fig. 19: Purification profile of A.
correntina Pls Lanes 1 & 2
were loaded with 15 pg of
protein and lanes 3-5 were
loaded with 5 g of protein.

Lane 1: Crude

Lane 2: 60% (NH,),S0, frac
Lane 3: Purified PI (Elute 2)
Lane 4: Purified PI (Elute 3)
Lane 5: PMW-L
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Specificity of A. correntina Pls

The purified A. correntina Pls were tested for their inhibitory activity
against trypsin and chymotrypsin (serine proteases), pepsin (aspartic protease)
and papain (cysteine protease) using gelatin-embedded 12% SDS-PAGE.
These PIs inhibited trypsin and among these three Pls, the 16 kDa PI showed
maximum inhibitory activity which is evident by the intensity of the
corresponding band with 16 kDa (Fig. 20). A. correntina PIs also inhibited
chymotrypsin and the 18 kDa inhibitor appeared to have maximum
chymotrypsin inhibitory activity which is once again evident by the thickness
of the corresponding band (Fig. 21a). However, these Pls failed to inhibit
either pepsin (Fig. 21b) or papain (Fig. 21c) as is evident by the clear gel

without any inhibitor protein bands.

Lane 1: Crude
Lane 2: 60% (NH,),8O, fraction
Lane 3: Affinity purified

Fig. 20: Zymographic study- the gelatin gel containing A. correntina
Pls was incubated with trypsin (see materials and methods).
Lanes 1 & 2 were loaded with 15 ug of protein and lane 3 was
loaded with 10 pg of protein. Proteins were stained with
Comassie Brilliant blue.
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Fig. 21: Zymographic study- The gelatin gel containing A.
correntina PlIs was incubated with chymotrypsin (a),
pepsin (b) and papain (c) (see materials and methods).
Each lane was loaded with 5 pg of purified protein.
Proteins were stained with Comassie Brilliant blue.

Thermal stability of A. correntina Pls

The thermal stability of A. correntina PI activity in 62.5 mM Tris-HCI
buffer (pH 7.4) containing 10% glycerol, 1% SDS and 0.001% Bromophenol
blue was investigated. Results presented in figure 22 clearly show that the Pls

are relatively stable at boiling temperature of the water for 30 min (lane 2)

21 kDa
18 kDa —
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Fig. 22: Heat stability of inhibitory activity of A. correntina Pls at
boiling temperature of water for 15 and 30 min. Each
lane was loaded with 5 pug of the purified protein.
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Inhibitory activity of A. correntina Pls on insect gut proteases

The inhibitory activity of A. correntina Pls was tested using gelatin-
embedded SDS-PAGE as well as enzyme assay using synthetic substrates for

the proteases.

(i) Inhibitory activity of A. correntina Pls on S. litura proteases

Midgut homogenate as well as midgut luminal enzyme preparation
proteins were run in a gelatin SDS-PAGE. The gel was initially incubated with
40 mg of A. correntina crude extract and then incubated in Tris-HCI buffer
(pH 7.4) (Fig. 23b). For control, the gel was incubated with buffer only (Fig.
23a). The remaining assay of protease activity was carried out as mentioned in
materials and methods. Figure 23b clearly shows that the degree of inhibition
of protease activity was much higher towards the midgut luminal enzyme

preparation (lane 2) than the midgut homogenate (lane 1).

a b

Lanes 1: Midgut homogenate
Lanes 2: Midgut luminal enzyme preparation

Fig 23: Effect of A. correntina leaf protein extract on larval gut
proteases of 6™ instar S. litura larva. Each lane was
loaded with 5 pg of protein. (a) Treated with Tris-HCI
buffer (pH 7.4) and (b) treated with plant protein extract.
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(if) Inhibitory activity of A. correntina Pls on S. litura and A.
janata gut proteases

A. correntina Pls inhibited around 25% activity of the 6" instar S. litura
larval midgut proteases while the inhibition was almost 73% with 6" instar

larvae of A. janata (Fig. 24).
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Fig 24: Inhibition of Spodoptera litura (SLMP) and Achaea janata
midgut protease (AJMP) activity by purified A. correntina
Pls. Inhibition assay was conducted using BApNA as
substrate.

Purification and characterization of protease inhibitor from A.
cardenasii

The crude extract prepared from the thoroughly washed and air dried
leaves (5 g) of A. cardenasii was used for the purification of protease
inhibitors. All the purification procedures were carried out at room temperature

unless otherwise specified. The purification of the Pls is summerised in table 5.
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Table 5: Summary of Purification of A. cardenasii Pls

Perification step Quantity of Activity against Specific
protein (mg) bovine Trypsin activity
(Inhibitory units,
1U)

Crude extract of leaf 61.2 51.25 0.83
Dialysate after 60% 19.2 35.6 1.88
(NH4)2SO04
fractionation
Affinity purified 0.94 17.9 18.9

The A. cardenasii protease inhibitor was purified to homogeneity using
(NH4)2SO4 precipitation and trypsin-Sepharose affinity chromatography. The
specific activity of the crude extract towards bovine trypsin was 0.837 TIU/mg.
The 60% (NH,4),SO, fraction was applied to a trypsin-Sepharose column. The
bound inhibitor was eluted as a single major peak on reducing the pH with 10
mN HCI. Although affinity chromatography gave reasonably good result the
possibility of limited digestion of the inhibitor by the immobilized trypsin
during purification cannot be excluded. Affinity purified Pls have fairly good

specific activity (18.9 1U/mg).
Homogeneity and size of the A. cardenasii Pl

The homogeneity and apparent molecular mass of the A. cardenasii Pl
was estimated by SDS-PAGE. When subjected to SDS-PAGE under reducing

conditions, the gel pattern of the purified protease inhibitor preparation from A.
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cardenasii showed the presence of a single polypeptide with a molecular mass

of around 18 kDa (Fig. 25).

4
e 43 kDa
- le— 29 kDa
34— 21 kDa

+—14.3 kDa

Lane 1: Crude
Lane 2: 60% (NH,),SO, fraction

Lane 3: Purified protein
Lane 4: PMW-L

Fig. 25: SDS-PAGE analysis of purified A. cardenasii PI. Lanes
1 & 2 were loaded with 15 pg of protein and lane 3 was
loaded with 5 pg of protein.

Stability of A. cardenasii Pl

Result presented in figure 26 shows that the inhibitory activity A.

cardenasii Pl is not affected at a temperature up to 100°C for 30 min.
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Fig. 26: Heat stability of inhibitory activity of A. cardenasii Pl at
boiling temperature of water for 15 and 30 min. Each
lane was loaded with 5 ug of the purified PI.

71



Immunological similarity between soyabean Bowman-Birk
inhibitor (BBI) and A. cardenasii Pl

Antibodies were generated against commercially available soyabean
Bowman-Birk inhibitor. Soyabean BBI antibodies cross reacted with the A.
cardenasii Pl (Fig. 27) indicating that the soyabean BBI and A. cardenasii Pl

have immunological similarity.

Lanel: A. cardenasii P1
L:ane2: Soyabean BBI

Fig. 27: Western blot analysis of purified A. cardenasii Pl. The Pls
were fractionated by SDS-PAGE, blotted onto
nitrocellulose, probed with anti-soyabean BBI antiserum
and detected using a secondary alkaline phosphatase-
coupled antibody (Materials & methods).

Inhibitory activity of A. cardenasii Pl on S. litura and A. janata
gut proteases

A. cardenasii Pl inhibited around 29% activity of the 6" instar S. litura
larval gut proteases on the other the same Pls inhibited almost 80% of the total

gut protease activity of 6™ instar larvae of A. janata (Fig. 28).
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Fig. 28: Inhibition of Spodoptera litura and Achaea janata midgut
protease activity by purified A. correntina Pls. Inhibition

assays were conducted using BApNA as substrate.
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The major objective of the present study was to evaluate the anti-
feedant and growth inhibitory activity of different wild groundnut species, and
identify few potent insecticidal species for detailed analysis. This is mainly to
isolate/purify and characterize the anti-feedant and growth inhibitory factor(s)
from the wild species of groundnut. To this end, the anti-feedant and growth
inhibitory activity of A. correntina, A. cardenasii, A. duranensis and A.
stenosperma was evaluated using feeding bioassays. Further, the protease
inhibitors from A. correntina and A. cardenasii were purified and characterized
using different analytical and preparative methods. Midgut proteases of S.
litura larvae were also characterized using substrate gel electrophoresis
technique.

The result of this study showed that the middle (3" & 4™) instar larvae
of S. litura were more affected upon feeding on a potent groundnut species
than the late (5™ & 6") instar larvae. When larvae of S. litura were allowed to
develop on artificial diet containing soybean (Kunitz) trypsin inhibitor (SBTI),
the neonate larvae were more susceptible to the effects of protease inhibition
than the older larvae (McManus and Burgess, 1995). Similar results were
obtained earlier when rats were fed with diets containing Pls, where younger
animals had higher growth inhibition (Grant et al. 1993). Further,
Bhattacharyya et al., (2007) also reported that the Pls of Archidendron
ellipticum greatly affected the survival of early instar larvae of S. litura. Later
Charity et al. (1999) reported that Helicoverpa armigera and H. punctigera,

when fed on the transgenic tobacco and pea plants expressing Nicotiana alata
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PI, showed increased mortality within first 8 days of the feeding. The
observation that the feeding on SBTI containing diet, transgenic plants
expressing Nicotiana alata Pl and feeding on wild groundnut species which
might contain protease inhibitors clearly show that they have a greater
influence on neonate larvae (in terms of mortality) and middle instar larvae (in
terms of growth rate), respectively. This also suggests the usefulness of the Pls
as a resistant factor in transgenic plants. Such an effect will have maximum
benefit if the transgenic plant acts as a host for adult females to lay eggs, and
where the newly hatched larvae feed on the plant tissue.

In contrast to the study presented here, SBTI supplied in artificial diet
did not initially affect survival of Helicoverpa armigera larvae but affected
their growth in the first 14 days and it was only after this the mortality of the
larvae increased (Johnston et al., 1993). However, Charity et al. (1999)
reported that H. armigera larvae, after ingesting Na-Pl, not only developed
slowly but were also lethargic. A recent study demonstrated significant
reduction in growth of H. armigera larvae after feeding on winged bean
chymotrypsin inhibitor incorporated in artificial diet (Telang et al., 2009). For
practical reasons, in the field, if the larval stage is prolonged, and has slow
mobility the exposure to environmental stress as well as predators also would
increase and such insects may not protect themselves as vigorously as the
normal ones.

Hexamerins are the most important molecules which serve as nitrogen

and aminoacid pool to support de novo synthesis of proteins during
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metamorphosis in insects (Burmester and Scheller, 1995, 1996; Pan and Telfer,
1996). In the present study, the feeding of leaves of wild groundnut species to
S. litura larvae resulted in retarded larval growth as well as decline in the
transformation of larvae into pupae. This could be due to the reduced storage
protein levels in the larvae, because of the anti-feedant activity of the wild
groundnut plants. The synthesis of hexamerins including arylphorins (storage
proteins) is dependant on nutrient supply (Tojo et al. 1985; Webb and
Riddiford, 1988). In holometabolous insects including lepidopterans the
hexamerins are predominantly synthesized by the fat body and released
simultaneously into the surrounding body fluid (hemolymph). In the
haemolymph their concentration increases gradually from penultimate larvae
to final instar larvae, where they may account for 80% of the total
haemolymph proteins by weight (Kramer et al., 1980; Tojo et al., 1980; Palli
and Locke, 1987; Kanost et al., 1990; Telfer and Kunkel, 1991; Hannerland,
1996; Kirankumar et al., 1997). Previous studies from our laboratory showed
that hexamerins are utilized during metamorphosis as well as adult
reproduction (Ismail and Dutta-Gupta, 1990; Ismail and Dutta-Gupta, 1991;
Kirankumar et al., 1997; Arif et al., 2007, 2008).

Results obtained in the present study clearly show a significant increase
in the larval gut protease activity as well as synthesis of new proteases after
feeding on the leaves of wild groundnut plants when compared with the larvae
that fed on leaves of JL-24 (control) plants. These results corroborate with the

findings of McManus and Burgess (1995) where in a significant stimulation of
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tryptic and elastase activities in the digestive proteases extracted from larvae
fed on artificial diet containing SBTI. The hyper-production of trypsin with the
ingestion of SBTI was shown to have deleterious consequences to variety of
organisms including insects (Broadaway and Duffy, 1986). Present study
further suggests that the larvae actively mobilize genomic resources in the
digestive tract to mitigate the impact of ingested plant protease inhibitor (Chi
et al., 2009). However, to further ascertain whether this increase in stimulation
of protease (trypsin like) activity is the primary mode of action of the ingested
inhibitors and possibly crucial for insect survival, more definitive experiments
have to be carried out.

In the next part of the work, the relation between the physical defenses
(mainly trichomes) of the plants and the feeding inhibition of the larvae was
evaluated to clarify whether the observed growth inhibition was anyway
associated with physical hindrance. Hence, various parameters such as number
and size of trichomes were compared across young and old leaves of wild and
cultivated groundnut plants. In this study it was observed that the abaxial
surface of both young and old leaves possess considerable numbers of
trichomes in all wild groundnut species analysed in present study, except for A.
duranensis, which has few trichomes. On the other hand the adaxial surface of
young as well as old leaves possess fewer trichomes. This is in contrast to the
findings of Matsuki et al., (2004), who reported a significant difference in
physical defences between early and late leaves of Betula ermanii and Betula

platyphylla, where trichome density was significantly greater in early (young)
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leaves than on late (old) leaves. In the present study no correlation was found
between the feeding and the number/size of the trichome, suggesting that the
observed feeding inhibition in Spodoptera litura larvae is most likely not
related to physical structures of leaf surface.

As the observed effects of wild groundnut leaf feeding was comparable
to that of feeding of protease inhibitors (PIs) and keeping in view that the
members of the leguminaceae family contain protease inhibitors, we planned to
isolate protease inhibitors from the leaves of wild groundnut species. The
strategy for the isolation was based on the removal of the interfering DNA by
treating the leaf extract with polyethyleneimine and interaction between the
inhibitors and their cognate proteases, apart from using different chemicals to
avoid the oxidation of the proteins by phenols and quinones. In this procedure
a differential pH was utilized for the elution of these inhibitors from
immobilized trypsin Sepharose columns by virtue of their different degree of
association with the enzyme. Utilizing this strategy we isolated three Pls from
A. correntina and one Pl from A. cardenasii. All the protease inhibitors
showed inhibitory activity on substrate gel electrophoresis.

The isolated Pls from A. correntina and A. cardenasii inhibited trypsin
as well as chymptrypsin, however, at present, it is not clear whether the
inhibitors have two active sites (one for trypsin and the other for
chymotrypsin) or a single active site (i.e., only one active site interacting with
both trypsin and chymotrypsin). They did not inhibit either pepsin (an aspartic

acid protease) or papain (a cysteine protease), indicating that they belong to the
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class of serine protease inhibitors. They are also resistant to heat treatment
which is a characteristic feature of the Bowman-Birk Pls (DiPietro and Liener,
1989). Western blot and immunodetection studies revealed the cross reactivity
of A. cardenasii Pl with antibodies raised against Bowman-Birk inhibitor
(BBI) of soybean. This suggests that the A. cardenasii Pl is immunologically
related to soybean BBI. The inhibitory activity of both A. correntina Pls and A.
cardenasii Pl was higher towards A. janata proteases than S. litura proteases.
This observation is in agreement with the results obtained by Harsulkar et al.,
(1999) where they reported that the PIs from non-host plants were more potent
inhibitors of Helicoverpa armigera gut proteases than the Pls of host plants.
More than one hundred insect species have been reported as pests on
groundnut in India (Amin, 1988). However, of these, only a few of them cause
economic loss and S. litura is one among them while A. janata is not among
the major pests of groundnut (Ghewande and Nandagopal, 1997).

The Pls isolated from A. correntina and A. cardenasii leaves are found
to be different in their molecular mass from those which have been reported
from A. hypogaea. Tur-Sinai et al., (1972) have purified a 7.5 kDa trypsin and
chymotrypsin inhibitor from groundnut seeds, which was stable in water when
heated at 100 °C for 15 min. Later Norioka et al., (1982) purified five
Bowman-Birk type trypsin and chymotrypsin Pls (double headed) from
Arachis hypogaea seeds. The molecular masses of these inhibitors were 7.4,
7.6, 6.9, 6.8 and 6.7 kDa. However, about fourty years ago, Hochstraser and

his co-workers (1969) isolated two Pls from peanut seeds (A. hypogaea). These
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inhibitors had a molecular weight of 17 kDa and were tetramers of a subunit,
which consisted of 48 amino acid residues.

All the above reports along with the results obtained in the present
study suggest that probably different types of Pls are synthesized/stored in
different tissues/storage organs of plants including groundnut. Further, the
amino acid sequence studies reveal that the different molecular mass Pls could
be the product of a single gene (Norioka and Ikenaka, 1983).

The proteases have been reported to be present in midgut lumen of
Spodoptera litura (Ahmad et al, 1976). An attempt was made to characterize
the proteases of the midgut of S. litura, and results reveal the presence of four
different proteases which belong to the serine class of proteases, which is
typical to lepidopteran larvae (Terra, 1990; Christeller et al, 1992; Hegedus et
al, 2003). Using substrate gel electrophoresis assays the presence of trypsin
like enzyme in S. litura larval midgut is clearly demonstrated by its inhibition
with trypsin specific chemical inhibitor TLCK. Further, no chymotrypsin like
activity was found, as there was no inhibition of the enzyme activity when
treated with TPCK, a chymotrypsin specific inhibitor. These results can be
correlated with findings that the S. litura larval midgut has predominently
trypsin like activity and no chymptrypsin like activity which was reported by
Ahmad et al., (1980) using enzyme assays. This also suggests that the enzymes
which are synthesized in the gut epithelial cells and the enzymes that are
secreted into the midgut lumen are similar in nature (Terra and Ferreira, 1994).

In addition, Down et al, (1999) to their surprise, detected the soybean Kunitz
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trypsin inhibitor (SKTI) in the haemolymph of Lacanobia oleracea following
ingestion in the diet. The exact mechanism by which the inhibitor was
transported to the haemolymph from the gut is not known.

Finally, the analysis of inhibitory activity of A. correntina Pls and A.
cardenasii Pl on S. litura and A. janata midgut proteases reveal a significant
inhibition of enzymatic activity in non-host insect (A. janata).

There are already reports that the phytophagous insects can adapt to the
presence of either transgenic or endogenous serine Pls of its host plants by
over-expressing Pl-insensitive proteases (Bolter and Jongsma, 1995; Jongsma
et al., 1995; Broadway, 1996). This problem can be overcome by using Pls
from non-host plants (Duan et al., 1996; Harsulkar et al., 1999; Telang et al.,
2005) and/or by using Pls of different classes that work synergistically
(Amirhusin et al., 2007). In a second approach Pls from sources other than
plant could also be used (Brunke et al., 1995; Thomas et al., 1995; Christeller
et al., 2002; Christy et al., 2009). In another approach Pls engineered by
structural modeling can be used (Urwin et al, 1995a, 1995b).

In conclusion the present work demonstrates the presence of various
moderate molecular mass (16-21 kDa) Pls in the wild species of groundnut,
which play a protective role in insect defense and could be exploited for

management of lepidopteran pests.
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Swummary and Conclusions



Summary

» The present study showed that the early instar larvae of S. litura were more
affected by the feeding on leaves of wild groundnut species than the late instar
larvae. Further, it also resulted in the decrease in transformation of larvae into
pupae

» There was hyper-production of protease activity and synthesis of new
proteases in the larvae that fed on leaves of wild groundnut plants when
compared with the larvae that fed on JL-24 leaves (control).

» The abaxial surface of both young and old leaves possessed considerable
numbers of trichomes except for A. duranensis, which showed fewer
trichomes. The adaxial surface of young and old leaves showed the presence of
few trichomes. The feeding of larvae on these leaves was not related to the
number and the arbitrary size of trichome.

» Three protease inhibitors of molecular masses 16, 18 and 20 kDa were
purified and characterized from A. correntina. They were heat resistant and
belonged to the class of serine protease inhibitors.

» The inhibitory activity of A. correntina PIs was much higher towards
trypsin than chymotrypsin. Further the Pls inhibited around 25% of the 6"
instar S. litura larval midgut protease activity, while the inhibition was almost
73% with 6™ instar larvae of A. janata.

» One PI of molecular mass 18 kDa was purified from A. cardenasii leaves.
This was also heat resistant, belonged to the class of serne protease inhibitors

and was immunologically related to soyabean BBI.
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> A. cardenasii PI inhibited around 29% of the 6" instar S. litura larval gut
protease activity on the other hand the same Pls inhibited almost 80% of the

total gut protease activity of 6 instar larvae of A. janata

Conclusion

In short, screening of wild groundnut species was carried out by
feeding bioassays for the selection of insect resistant ones. The relation
between the leaf morphology and feeding inhibition was studied. Three
protease inhibitors from A. correntina and one protease inhibitor from A.
cardenasii was purified and partially characterized. The inhibitory activity of
both A. correntina Pls and A. cardenasii Pl was more towards A. janata

midgut proteases than the S. litura midgut proteases.

83






Abdeen, A., Virgos, A., Olivella, E., Villnueva, J., Aviles, X., Gabarra, R. and Prat, S.
2005. Multiple insect resistance in transgenic tomato plants overexpressing
two families of plant proteinase inhibitors. Plant Mol. Biol. 57, 189-202.

Abe, K., Kondo, H., Watanabe, H., Emori, Y. and Arai, S. 1991. Oryzacystatins as the
first well-defined cystatins of plant origin and their target proteinases in rice
seeds. Biomed. Biochim. Acta. 50, 637-641.

Abe, M., Domoto, C., Watanabe, H., Abe, K. and Arai, S. 1996. Structural
organization of the gene encoding corn cystatin. Biosci. Biotechnol. Biochem.
60, 1173-1175.

Agrawal, A. A. 1999. Induced responses to herbivory in wild radish: effects on several
herbivore and plant fitness. Ecology. 80, 1713-1723.

Ahmad, M., Arif, M. 1. and Ahmad, M. 2007. Occurance of insecticide resistance in
field populations of Spodoptera litura (Lepidoptera: Noctuidae) in Pakistan.
Crop Protection. 26, 809-817.

Ahmad, Z., Saleemuddin, M. and Siddiqi, M. 1976. Alkaline protease in the larvae of
the army worm, Spodoptera litura. Insect Biochem. 6, 501-505.

Ahmad, Z., Saleemuddin, M. and Siddiqi, M. 1980. Purification and characterisation of
three alkaline proteases from the gut of the larva of army worm, Spodoptera
litura. Insect Biochem. 10, 667-673.

Amin, P. W. 1988. Insects and mite pests and their control. In: P.S. Reddy (Eds),
Groundnut, Publication and Information Division, Indian Council of
Agricultural Research, Krishi Anusandhan Bhavan, Pusa, New Delhi. pp. 393-
452,

Amirhusin, B, Shade, R. E., Koiwa, H., Hasegawa, P. M,. Bressan, R. A., Murdock, L.
L. and Zhu-Salzman, K. 2004. Soyacystatin N inhibits proteolysis of wheat
alpha-amylase inhibitor and potentiates toxicity against cowpea weevil. J.
Econ. Entomol. 97, 2095-2100.

Amirhusin, B., Shade, R. E., Koiwa, H., Hasegawa, P. M., Bressan, R. A., Murdock, L.
L. and Zhu-Salzman, K. 2007. Protease inhibitors from several classes work
synergistically against Callosobruchus maculatus. J. Insect Physiol. 53, 734—
740.

Amorim, T. M., Macedo, L. L., Uchoa, A. F., Oliveira, A. S., Pitanga, J. C., Macedo,
F. P., Santos, E. A. and de Sales, M. P. 2008. Proteolytic digestive enzymes
and peritrophic membranes during the development of Plodia interpunctella
(Lepidoptera: Piralidae): targets for the action of soybean trypsin inhibitor
(SBTI) and chitin-binding vicilin (EvV). J. Agric. Food Chem. 56, 7738-7745.

Arai, S., Matsumoto, 1., Emori, Y. and Abe, K. 2002. Plant seed cystatins and their
target enzymes of endogenous and exogenous origin. J. Agric. Food Chem. 50,
6612-6617.

Arif, A., Gullipalli, D., Scheller, K. and Dutta-Gupta, A. 2007. Significance of the 19-
kDa haemolymph protein HP19 for the development of the rice moth Corcyra

84



cephalonica: morphological and biochemical effects caused by antibody
application. Arch. Insect Biochem. Physiol. 66, 32-44.

Arif, A., Manohar, D., Gullipalli, D. and Dutta-Gupta, A. 2008. Regulation of
hexamerin receptor phosphorylation by hemolymph protein HP19 and 20-
hydroxyecdysone directs hexamerin uptake in the rice moth, Corcyra
cephalonica. Insect Biochem. Mol. Biol. 38, 307-319.

Ascenzi, P., Ruoppolo, M., Amoresano, A., Pucci, P., Consonni, R., Zetta, L.,
Pascarella, S., Bortolotti, F. and Menegatti, E. 1999. Characterization of low-
molecular-mass trypsin isoinhibitors from oil-rape (Brassica napus var.
oleifera) seed. Eur. J. Biochem. 261, 275-284.

Attaran, A., Roberts, D. R., Curtis, C. F. and Kilama, W. L. 2000. Balancing risks on
the backs of the poor. Nat. Med. 6, 729-731.

Barbieri, L., Battelli, M. G. and Stirpe, F. 1993. Ribosome-inactivating proteins from
plants. Biochim. Biophys. Acta. 1154, 237-282.

Bate, N. J. and Rothstein, S. J. 1998. Cé6-volatiles derived from the lipoxygenase
pathway induce a subset of related genes. Plant J. 16, 561-569.

Beard, J. 2006. DDT and human health. Sci. Total Environ. 355, 78-89.

Belenghi, B., Acconcia, F., Trovato, M., Perazzolli, M., Bocedi, A., Polticelli, F.,
Ascenzi, P. and Delledonne, M. 2003. AtCYSI1, a cystatin from Arabidopsis
thaliana, suppresses hypersensitive cell death. Eur. J. Biochem. 270, 2593-
2604.

Belew, M., Porath, J. and Sundberg, L. 1975. The trypsin and chymotrypsin inhibitors
in Chick peas (Cicer arietinum L.): Purification and properties of the
inhibitors. Eur. J. Biochem. 60, 247-258.

Bell, H. A., Fitches, E. C., Down, R. E., Ford, L., Marris, G. C., Edwards, J. P.,
Gatehouse, J. A. and Gatehouse, A. M. R. 2001. Effect of dietary cowpea
trypsin inhibitor (CpTI) on the growth and development of the tomato moth
Lacanobia oleracea (Lepidoptera: Noctuidae) and on the success of the
gregarious ectoparasitoid Eulophus pennicornis (Hymenoptera: Eulophidae).
Pest Manag. Sci. 57, 57-65.

Benchabane, M., Goulet, M., Dallaire, C., Co"te’, P. and Michaud, D. 2008. Hybrid
protease inhibitors for pest and pathogen control- a functional cost for the
fusion partners? Plant Physiol. Biochem. 46, 701-708.

Bhattacharyya, A., Mazumdar, L. S. and Babu, C. R. 2007. Bioinsecticidal activity of
Archidendron ellipticum trypsin inhibitor on growth and serine digestive

enzymes during larval development of Spodoptera litura. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 145, 669-677.

Birk, Y. 1985. The Bowman-Birk inhibitor. Trypsin and chymotrypsin inhibitor from
soybeans. Int. J. Pept. Protein Res. 25, 113-131.

Birk, Y. 1996. Protein proteinase inhibitors in legume seeds--overview. Arch.
Latinoam. Nutr. 44, 26-30.

85



Birk, Y. 2003. Plant protease inhibitors: Significance in nutrition, plant protection,
cancer prevention and genetic engineering. Published by Springer.

Blum, H., Beier, H. and Gross, H. J. 1987. Improved silver staining of plant proteins,
RNA, DNA in polyacrylamide gels. Electrophoresis. 8, 93-99.

Boateng, J. A., Viquez, O. M., Konan, K. M. and Dodo, H. W. 2005. Screening of a
peanut (Arachis hypogaea L.) cDNA library to isolate a Bowman-Birk trypsin
inhibitor clone. J. Agric. Food Chem. 53, 2028-2031.

Bode, W. and Huber, R. 1992. Natural protein proteinase inhibitors and their
interaction with proteinases. Eur. J. Biochem. 204, 433—451.

Bode, W. and Huber, R. 2000. Structural basis of the endoproteinase protein inhibitor
interaction. Biochim. Biophys. Acta. 1477, 241-252.

Bolter, C. J. and Jongsma, M. A. 1995. Colorado potato bectles (Leptinotarsa
decemlineata) adapt to proteinase inhibitors induced in potato leaves by methyl
jasmonate. J. Insect Physiol. 41, 1071-1078.

Bonade’-Bottino, M., Lerin, J., Zaccomer, B. and Jouanin, L. 1999. Physiological
adaptation explains the insensitivity of Baris coerulescens to transgenic oilseed
rape expressing oryzacystatin I. Insect Biochem. Mol. Biol. 29, 131-138.

Botella, M.A., Xu, Y., Prabha, T.N., Zhao, Y., Narasimhan, M.L., Wilson, K.A.,
Nielson, S.S., Bressan, R.A., Hasegawa, P.A. 1996. Differential expression of
soybean cysteine Proteinase inhibitor genes during development and in
response to wounding and methyl jasmonate. Plant Physiol. 112, 1201-1210.

Boulter, D. 1993. Insect pest control by copying nature using genetically engineered
cops. Phytochem. 34, 1453-1466.

Bowles, D. J. 1990. Defense-related proteins in higher plants. Ann. Rev. Biochem. 59,
873-907.

Bradford, M. M. 1976. A rapid and sensitive method for the quantification of
micrograms quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254.

Brar, D. S., Ohtani, T. and Uchimiya, H. 1995. Genetically engineered plants for
quality improvement. Biotechnol. Genet. Eng. Rev. 13, 167-169.

Broadway, R. M and Duffy, S. A. 1986. Plant Proteinase inhibitors: mechanism of
action and effect on digestive physiology of Heliothis zea and Spodoptera
litura. J. Insect Physiol. 32, 827-833.

Broadway, R. M. 1996. Dietary proteinase inhibitors alter complement of midgut
proteases. Arch. Insect Biochem. Physiol. 32, 39-53.

Broadway, R. M. 1997. Dietary regulation of serine proteinases that are resistant to
serine proteinase inhibitors. J. Insect Physiol. 43, 855-874.

Brogdon, W. G. and McAllister, J. C. 1998. Insecticide resistance and vector control.
Emerg. Infect. Dis. 4, 605-613.

86



Brown, D. P., Wilkinson, H. S. and Gatehouse, J. A. 1997. Differentially regulated
inhibitor-sensitive and insensitive proteinase genes from the phytophagous
insect pest, Helicoverpa armigera, are members of complex multigene
families. Insect Biochem. Mol. Biol. 27, 625-638.

Brunke K. J., Deluca-Flaherty C. R and Scarafia L. E. C. 1995. Novel thiol protease
inhibitor. Int. Patent. Appl. WO 95/24479.

Brunke, K. J. and Meeusen L. R. 1991. Insect control with genetically engineered
plants. TIBTECH. 9, 197-200.

Brzin, J. and Kidri, M. 1995. Proteinases and their inhibitors in plants: role in normal
growth and in response to various stress conditions. Biotechnol. Genet. Eng.
Rev. 13, 420- 467.

Burgess, R. R. 1991. Use of polyethyleneimine in purification of DNA-binding
proteins. Methods Enzymol. 208, 3-10.

Burmester, T and Scheller, K. 1995. Complete cDNA-sequence of the receptor
responsible for arylphorin uptake by the larval fat body of the blowfly,
Calliphora vicina. Insect Biochem. Mol. Biol. 25, 981-989

Burmester, T. and Scheller, K. 1996. Common origin of arthropod tyrosinase,
arthropod hemocyanin, insect hexamerin and dipteran arylphorin receptor. J.
Mol. Evol. 42, 713-728.

Carlini, C. R. and Udedibie, A. B. 1997. Comparative effects of processing methods
on hemagglutinating and antitryptic activities of Canavalia ensiformis and
Canavalia braziliensis seeds. J. Agric. Food Chem. 45, 4372-4377.

Casida, J. E. and Quistad, G. B. 1998. Golden age of insecticide research: past,
present, or future? Annu. Rev. Entomol. 43, 1-16.

Ce’lia R. C. and Maria, F. G. 2002. Plant toxic proteins with insecticidal properties. A
review on their potentialities as bioinsecticides. Toxicon. 40, 1515-1539.

Charity, J. A., Anderson, A. A., Bittisnich, D. J., Whitecross M. and Higgins, T. J.
V. 1999. Transgenic tobacco and peas expressing a proteinase inhibitor
from Nicotiana alata have increased insect resistance. Mol. Breed. 5, 357-365.

Chi, Y. H., Salzman, R. A., Balfe, S., Ahn, J. E., Sun, W., Moon, J., Yun, D. J., Lee,
S. Y., Higgins, T. J., Pittendrigh, B., Murdock, L. L. and Zhu-Salzman, K.
2009. Cowpea bruchid midhut transcriptome response to a soybean cystatin--
costs and benefits of counter-defence. Insect Mol. Biol. 18, 97-110.

Chrispeels, M. J. and Baumgartner, B. 1978. Trypsin inhibitor in mung bean
cotyledons: purification, characteristics, subcellular localization, and
metabolism. Plant Physiol. 61, 617-623.

Chrispeels, M. J. and Raikhel, N. V. 1991. Lectins, lectin genes, and their role in plant
defense. Plant Cell. 3, 1-9.

Christeller J. T., Burgess, E. P. J., Mett, V., Gatehouse, H. S., Markwick, N. P,
Murray, C., Malone, L. M., Wright, M. A., Philip, B. A., Watt, D., Gatehouse,

87



L. N,, Lovei, G. L., Shannon, A. L., Phung, M. M., Watson, L. M. and Laing,
W. A. 2002. The expression of a mammalian proteinase inhibitor, bovine
spleen trypsin inhibitor in tobacco and its effects on Helicoverpa armigera
larvae. Tran. Res. 11, 161-173.

Christeller, J. T., Farley, P. C., Marshall, R. K., Anandan, A., Wright, M. M.,
Newcomb, R. D. and Laing, W. A. 2006. The Squash aspartic proteinase
inhibitor SQAPI is widely present in the Cucurbitales, comprises a small

multigene family, and is a member of the phytocystatin family. J. Mol. Evol.
63, 747-757.

Christeller, J. T., Farley, P. C., Ramsay, R. J., Sullivan, P. A. and Laing, W. A. 1998.
Purification, characterization and cloning of an aspartic proteinase inhibitor
from squash phloem exudates. Eur. J. Biochem. 254, 160-167.

Christeller, J. T., Laing, W. A., Markwick, N. P. and Burgess, E. P. J. 1992. Midgut
protease activities in twelve phytophagous lepidopteran larvae: dietary and
protease inhibitor interactions. Insect Biochem. Mol. Biol. 23, 735-746.

Christy, L. A., Arvinth, S., Saravanakumar, M., Kanchana, M., Mukunthan, N.,
Srikanth, J., Thomas, G. and Subramonian, N. 2009. Engineering sugarcane
cultivars with bovine pancreatic trypsin inhibitor (aprotinin) gene for
protection against top borer (Scirpophaga excerptalis Walker). Plant Cell Rep.
28, 175-184.

Chye, M. L., Sin, S. F., Xu, Z. F., and Yeung E. C. 2006. Serine proteinase inhibitor
proteins: exogenous and endogenous functions. In Vitro Cell. Mol. Bio. Plant.
42, 100-106.

Clark, B. W., Philips, T. A. and Coats, J. R. 2005. Environmental fate and effects of
Bacillus thuringiensis (Bt) proreins from transgenic crops: a review. J. Agric.
Food Chem. 53, 4643-4653.

Cohen, E. 1993. Chitin synthesis and degradation as targets for pesticide action. Arch.
Insect Biochem. Physiol. 22, 245-261.

Colton, L. M., Groza, H. 1., Wielgus, S. M. and Jiang, J. 2006. Marker-assisted
selection for the broad-spectrum potato late blight resistance conferred by gene
RB derived from a wild potato species. Crop Sci. 46, 589-594.

Cook, B. G., and Crosthwaite, I. C. 1994. Utilization of Arachis species as forage. In
“The Groundnut Crop: a scientific basis for improvement” (J. Smart, Ed.),
Chapman and Hall, London. pp. 624—663.

Cook, R. J. 2000. Advances in plant health management in the twentieth century.
Annu. Rev. Phytopathol. 38, 95-116.

Dahl, S. W., Rasmussen, S. K. and Hejgaard, J. 1996. Heterologous expression of
three serpins with distinct inhibitory specificities. J. Biol. Chem. 271, 25083 —
25088.

88



De Leo, F. and Gallerani, R. 2002. The mustard trypsin inhibitor 2 affects the fertility
of Spodoptera littoralis larvae fed on transgenic plants. Insect Biochem. Mol.
Biol. 32, 489-496.

De Leo, F., Bonade-Bottino, M. A., Ceci, L. R., Gallerani, R. and Jouanin, L. 1998.
Opposite effects on Spodoptera littoralis larvae of high expression level of a
trypsin proteinase inhibitor in transgenic plants. Plant Physiol. 118, 997-1004.

De Leo, F., Bonade-Bottino, M., Ceci, L. R. and Jouanin, L. 2001. Effects of a
mustard trypsin inhibitor expressed in different plants on three lepidopteran
pests. Insect Biochem. Mol. Biol. 31, 593—-602.

Delledonne, M., Allegro, G., Belenghi, B., Balestrazzi, A., Picco, F., Levine, A.,
Zelasco, S., Calligari, P. and Confalonieri, M. 2001. Transformation of poplar
(Populus alba L.) with a Arabidopsis thaliana cysteine proteinase inhibitor and
analysis of insect pest resistance. Mol. Breed. 7, 35-42.

Di Pietro, C. M. and Liener, I. E. 1989. Heat inactivation of the Kunitz and Bowman-
Birk soybean protease inhibitors. J. Agric. Food Chem. 37, 39-44.

Dodo, H. W., Viquez, O. M., Maleki, S. J. and Konan, K. N. 2004. cDNA clone of a
putative peanut (Arachis hypogaea L.) trypsin inhibitor has homology with
peanut allergens Ara h 3 and Ara h 4. J. Agric. Food Chem. 52, 1404-1409.

Duan, X., Li, X., Xue, Q., Abo-EI-Saad, M., Xu, D. and Wu, R. 1996. Transgenic rice
plants harboring an introduced potato proteinase inhibitor Il gene are insect
resistant. Nat. Biotechnol. 14, 494-498.

Dunaevskii, Y. E., Gladysheva, I. P., Pavlukova, E. B., Beliakova, G. A., Gladyschev,
D. P., Papisova, A. 1., Larionova, N. I. and Belozersky, M. A. 1997. The
anionic protease inhibitor BBWI - 1 from buckwheat seeds. Kinetic properties
and possible biological role. Physiologia Plantarum. 100, 483-488.

Dwivedi, S. L., Nigam, S. N., Jambunathan, R., Sahrawat, K. L., Nagabhushanam, G.
V. S., and Raghunath, K. 1993. Effects of genotypes and environments on oil
content and oil quality parameters and their correlation in peanut (Arachis
hypogaea L.). Peanut Sci. 20, 84-89.

Ehleringer, J. R. and Clark, C. 1988. Evolution and adaptation in Encelia
(Asteraceae). In: Gottlieb LD, Jain SK, eds. Plant evolutionary biology.
London: Chapman and Hall, pp. 221-248.

Elden, T. C. 2000. Influence of a cysteine proteinase inhibitor on alfalfa weevil
(Coleoptera: Curculionidae) growth and development over successive
generations. J. Entomol. Sci. 35, 70-76.

Endersby, N. M., Ridland, P. M. and Hoffmann, A. A. 2008. The effects of local
selection versus dispersal on insecticide resistance patterns: longitudinal
evidence from diamondback moth (Plutella xylostella (Lepidoptera:

Plutellidae)) in Australia evolving resistance to pyrethroids. Bull. Entomol.
Res. 98, 145-57.

89



Erlanger, B. F., Kokowsky, N. and Cohen, W. 1961. The preparation and properties of
two new chromogenic substrates of trypsin. Arch. Biochem. Biophys. 95, 271-
278.

Estruch, J. J., Carozzi, N. B., Desai, N., Ducjk, N. B., Warren, G. W., Koziel, M. G.
1997. Transgenic plants: an emerging approach to pest control. Nat.
Biotechnol. 15, 137-141.

FAO. 1999. http://apps.fao.org/page/collections?subset=agriculture.
FAO. 2000. http://apps.fao.org/page/collections?subset=agriculture.

Fear, G., Komarnytsky, S. and Raskin, I. 2007. Protease inhibitors and their
peptidomimetic derivatives as potential drugs. Pharmacol. Therap. 113, 354-
368.

Feeny, P. 1970. Seasonal changes in oak leaf tannins and nutrients as a cause of spring
feeding by winter moth caterpillars. Ecology. 51, 565-581.

Feeny, P. 1976. Plant apparency and chemical defence. In: Wallace J. W., Mansell
R. L., eds. Biochemical interaction between plants and insects. New York:
Plenum, pp. 1-40.

Feyereisen, R. 1995. Molecular biology of insecticide resistance. Toxicol. Lett. 82/83,
83-90.

Garabrant, D. H., Held, J., Langholz, B., Peters, J. M., Mack, T. M. 1992. DDT and
related compounds and risk of pancreatic cancer. J. Nat. Cancer Inst. 84, 764—
il .

Garcia-Carreno, F. L., Dimes, L. E. and Haard, N. F. 1993. Substrate-gel
electrophoresis for composition and moleculat weight of proteinases or
proteinacious proteinase inhibitors. Anal. Biochem. 214, 65-69.

Gatehouse, A. M. R. and Gatehouse, J. A. 1998. Identifying proteins with insecticidal
activity: use of encoding genes to produce insect-resistant transgenic crops.
Pest. Sci. 52, 165-175.

Gatehouse, A. M. R., Butler, K. J., Fenton, K. A. and Gatehouse, J. A. 1986. Partial
characterisation of a major proteolytic enzyme in the larval gut of
Callosobruchus maculatus. Entomol. Exp. Appl. 39, 279-286.

Gatehouse, A. M. R., Shi, Y., Powell, K. S., Brough, C., Hilder, V. A., Hamilton, W.
D. O., Newell, C. A., Merryweather, A., Boulter, D. and Gatehouse, J. A.

1993. Approaches to insect resistance using transgenic plants. Phil. Trans. Roy.
Soc. London B. 342, 279-286.

Gatehouse, A. M., Davison, G. M., Newell, C. A., Hamilton, W. D. O., Burgess, E. P.
J., Gilbert R. J. C. and Gatehouse, J. A. 1997. Transgenic potato plants with
enhanced resistance to the tomato moth, Lacanobia oleracea: growth room
trials. Mol. Breed. 3, 49-63.

Gatehouse, A. M., Norton, E., Davison, G. M., Babbe, S. M., Newell, C. A. and
Gatehouse, J. A., 1999a. Digestive proteolytic activity in larvae of tomato

90



moth, Lacanobia oleracea; effects of plant protease inhibitors in vitro and in
vivo. J. Insect Physiol. 45, 545-558.

Gatehouse, A. M., Davison, G. M., Stewart, J. N., Galehouse, L. N., Kumar, A.,
Geoghegan, 1. E., Birch, A. N. E. and Gatehouse, J. A. 1999b. Concanavalin A
inhibits development of tomato moth (Lacanobia oleracea) and peach-potato
aphid (Myzus persicae) when expressed in transgenic potato plants. Mol.
Breed. 5, 153-165.

Gegenheimer, P. 1990. Preparation of extracts from plants. Methods Enzymol.. 182,
174-193.

Georghiou, G. P. 1990. Overview of insecticide resistance. ACS Symp. Ser. 421, 18—
41.

Ghevande, M. P. and Nandagopal, V. 1997. Integrated pest management in groundnut
(Arachis hypogaea L.) in India. Integrated pest management reviews. 2, 1-15.

Golmirizaie, A., Zhang, D. P., Nopo, L., Newell, C. A., Vera, A. and Cisneros, F.
1997. Enhanced resistance to West Indian sweetpotato weevil (Euscepes
postfaciatus) in transgenic Jewel potato with cowpea trypsin inhibitor and
snowdrop lectin. Hortscience. 32, 435.

Graham, J. S. and Ryan, C. A. 1981. Accumulation of a metallo-carboxypeptidase
inhibitor in leaves of wounded potato plants. Biochem. Biophys. Res.
Commun. 101, 1164-1170.

Graham, J. S., Pearce, G., Merryweather, J., Titani, K., Ericsson, L. H. and Ryan, C.
A. 1985a Wound-induced Proteinase inhibitors from tomato leaves. I. The
cDNA-deduced primary structure of pre-inhibitor I and its post-translational
processing. J. Biol. Chem. 260: 6555-6560.

Graham, J. S., Pearce, G., Merryweather, J., Titani, K., Ericsson, L. H. and Ryan, C.
A. 1985b. Wound-induced Proteinase inhibitors from tomato leaves. II. The
cDNA-deduced primary structure of pre-inhibitor II. J. Biol. Chem. 260: 6561-
6564.

Graham, J., Gordon, S. C. and Williamson, B. 1996. Progress towards the use of
transgenic plants as an aid to control soft fruits pests and diseases. Brighton
Crop Protection Conference: Pests and Diseases. BCPC, Farnham, UK, pp.
777-782.

Grant, G., Dorward, P. M. and Pusztai, A. 1993. Pancreatic enlargement is evident in
rats fed diets containing raw soybean (Glycine max) or cowpeas (Vigna
unguiculata) for 800 days but not in those fed kidney beans (Phaseolus ulgaris)
or lupinseed (Lupinus angustifolius). J. Nutr. 123, 2207-2215.

Green, T. R and Ryan, C. A. 1972. Wound-induced proteinase inhibitor in plant
leaves: A possible defense mechanism against insects. Science. 175, 776-777.

Greenblatt, H. M., Ryan, C. A. and James, M. N. G. 1989. Structure of the complex of
Streptomyces griseus proteinase B and polypeptide chymotrypsin inhibitor-I

91



from Russet Burbank potato tubers at 2.1 A resolution. J. Mol. Biol. 205, 201-
228.

Gregory, P., Ave, D. A., Bouthyette, P. J. and Tingey, W. M. 1986. Insect-defensive
chemistry of potato glandular trichomes. In: Juniper B, Southwood TRE,
eds. Insects and the plant surface. London: Edward Arnold, pp. 173-183.

Gruden, K., Strukelj, B., Ravnikar, M., Poljsak-Prijately, M., Mavric, 1., Brzin, J.,
Pungercar, J. and Kregar, 1. 1997. Potato cysteine proteinase inhibitor gene
family: molecular cloning, characterisation and immunocytochemical
localisation studies. Plant Mol. Biol. 34, 317-323.

Han, L., Peng, K., Wu, Y., Wang, F. and Guo, Y. 2007. Efficacy of transgenic rice
expressing CrylAc and CpTI against the rice leaffolder, Cnaphalocrocis
medinalis (Guene’e). J. Invert. Pathol. 96, 71-79.

Hao, Y. and Ao, G. 1997. Transgenic cabbage plants harbouring cowpea trypsin
inhibitor (CPTI) gene showed improved resistance to two major insect pests,
Pieris rapae and Heliothis armigera. FASEB J. 11, A868.

Haq, S. K, Atif, S. M. and Khan R. H. 2004. Protein proteinase inhibitor genes in
combat against insects, pests, and pathogens: natural and engineered
phytoprotection. Arch. Biochem. Biophys. 431, 145-159.

Hagq, S. K., Atif, S. M. and Khan, R. H. 2005. Biochemical characterization, stability
studies and N-terminal sequence of a bi-functional inhibitor from Phaseolus
aureus Roxb. (Mung bean). Biochimie. 87, 1127-1136.

Harsulkar, A. M., Giri, A. P., Patankar, A. G., Gupta, V. S., Sainani, M. N., Ranjekar,
P. K. and Deshpande, V. V. 1999. Successive use of non-host plant proteinase
inhibitors required for effective inhibition of gut proteinases and larval growth
of Helicoverpa armigera. Plant Physiol. 121, 497-506.

Hass, G. M., Nau, H., Biemann, K., Grahn, D. T., Ericsson, L. H. and Newarth, H.
1975. Amino acid sequence of a carboxypeptidase inhibitor from potatoes.
Biochemistry. 14, 1334—1342.

Haunerland, N. H. 1996. Insect storage proteins: Gene families and Receptors. Insect
Biochem. Mol. Biol. 26, 755-765.

He'ma, O., Some, H. N., Traore, O., Greenplate, J. and Abdennadher, M. 2009.
Efficacy of transgenic cotton plant containing the CrylAc and Cry2Ab genes
of Bacillus thuringiensis against Helicoverpa armigera and Syllepte derogate
in cotton cultivation in Burkina Faso. Crop Protection. 28, 205-214.

Heath, R. L., McDonald, G., Christeller, J. T., Lee, M., Bateman, K., West, J.,
Heeswijck, R. V. and Anderson. M. A. 1997. Proteinase inhibitors from

Nicotiana alata enhance plant resistance to insect pests. J. Insect Physiol. 43,
833-842.

Hegedus, D., Baldwin, D., O’grady, M., Braun, L., Gleddie, S., Sharpe, A., Lydiate,
D. and Erlandson, M., 2003. Midgut proteases from Mamestra configurata

92



(Lepidoptera: Noctuidae) larvae: characterization, ¢cDNA cloning and
expressed sequence tag analysis. Arch. Insect Biochem. Physiol. 53, 30-47.

Hemingway, J. and Ranson, H. 2000. Insecticide resistance in insect vectors of human
disease. Annu. Rev. Entomol. 45, 371-391.

Herget, T., Schell, J. and Schreier, P. H. 1990. Elicitor-specific induction of one
member of the chitinase gene family in Arachis hypogaea. Mol. Gen. Genet.
224, 469-476.

Hibbetts, K., Hines, B. and Williams, D. 1999. An overview of proteinase inhibitors.
J. Vet. Int. Med. 13, 302-308.

Hilder, V. A., Gatehouse, A. M. R., Sheerman, S. E., Barker, R. F. and Boulter, D.
1987. A novel mechanism of insect resistance engineered into tobacco. Nature.
300, 160-163.

Hochstrasser, K., lllchmann, K. and Werle, E. 1969. On plant protease inhibitors. VI.
Purification of polyvalent protease inhibitors from Arachis hypogaea
Hoppe Seylers Z. Physiol. Chem. 350. 929-932.

Hocman, G. 1992. Chemoprevention of cancer: protease inhibitor. Int. J. Biochem. 24,
1365-1375.

Hoffmann, M. P., Zalom, F. G., Wilson, L. T., Smilanick, J. M., Malyjy, L. D., Kiser
J., Hilder, V. A. and Barnes, W. M. 1992. Field evaluation of transgenic
tobacco containing genes encoding Bacillus thuringiensis 8-Endotoxin or
Cowpea Trypsin Inhibitor: efficacy against Helicoverpa xea (Lepidoptera:
Noctuidae). J. Econ. Entomol. 85, 2516-2522.

Horisberger, M. and Tacchini-Vonlanthen, M. 1983. Ultrastructural localization of
Bowman-Birk inhibitor on thin sections of Glycine max (soybean) cv. Maple
Arrow by the gold method. Histochemistry. 77, 313-321.

Horsch, R. B., Fry, J. E., Hoffman, N. L., Wallroth, M., Eichholtz, D., Rogers, S. G.
and Frailey, R. T. 1985. A simple and general method for transferring genes
into plants. Science. 227, 1229-1231.

Hou, W. C and Lin, H. Y. 1997. Dehydroascorbate reductase and
monodehydroascorbate reductase activities of trypsin inhibitors, the major
sweet potato (Ipomoea batatas [L.] Lam) root storage protein. Plant Sci. 128,
151-158.

Huang, S. and Han, Z. 2007. Mechanisms for multiple resistances in field populations
of common cutworm, Spodoptera litura (Fabricius) in China. Pest. Biochem.
Physiol. 87, 14-22.

Hung, C. H., Huang, C. C., Tsai, W. S., Wang, H. L. and Chen, Y. L. 2003.
Purification and characterization of a trypsin inhibitor from Brassica
campestris seeds. J. Yuanpei Univ. Sci. Tech. 10, 13-22.

Hunter, A. F. and Lechowicz, M. J. 1992. Foliage quality changes during canopy
development of some northern hardwood trees. Oecologia. 89, 316-323.

93



Ismail, P. M. and Dutta- Gupta, A. 1990. Uptake of Corcyra haemolymph proteins by
the male accessory reproductive glands of stem borer, Chilo partellus.
Biochem. Int. 20, 549-554.

Ismail, P. M. and Dutta- Gupta, A. 1991 In vitro uptake of the larval haemolymph
proteins by male accessory reproductive glands of the stem borer, Chilo
partellus. Invert. Reprod. Dev. 20, 193-199.

Iwasaki, T., Kiyohara, T. and Yoshikawa, M. 1971. Purification and partial
characterization of two different types of proteinase inhibitors (Inhibitors II-a
and II-b) from potatoes. J. Biochem. 70, 817-826.

James, C. 2000. Global status of commercialized transgenic crops: 2000. ISAAA,
Ithaca, New York, pp. 15.

Johnson, R., Narvaez, G., An, G. and Ryan, C. 1989. Expression of proteinase
inhibitors I and II in transgenic tobacco plants: effects on natural defense
against Manduca sexta larvae. Proc. Natl Acad. Sci. USA 86, 9871-9875.

Johnston, K. A., Gatehouse, J. A. and Anstee, J. H. 1993. Effects of soybean protease
inhibitors on the growth and development of larval Helicoverpa armigera. J.
Insect Physiol. 39, 657-664.

Jongsma, M. A., Bakker, P. 1., Peters, J., Bosch, D. and Stiekema, W. J., 1995.
Adaptation of Spodoptera exigua larvae to plant proteinase-inhibitors by
induction of gut proteinase activity insensitive to inhibition. Proc. Natl Acad.
Sci. USA 92, 8041-8045.

Joshi, B., Sainani, M., Bastawade, K., Gupta, V. S. and Ranjekar, P. K. 1998. Cysteine
protease inhibitor from pearl millet: a new class of antifungal protein.
Biochem. Biophys. Res. Comm. 246, 382-387.

Jouanin, L., Bonade-Bottino, M., Girard, C., Morrot, G. and Giband, M. 1998.
Transgenic plants for insect resistance, Plant Sci. 131, 1-11.

Kanost, M. R., Kawooya, J. K., Law, J. H., van Heusden, M. C. and Zeigler, R. 1990
Insect haemolymph proteins. Adv. Insect Physiol. 22, 299-396.

Kassel, B. 1970. “Inhibitors of proteolytic enzymes’ In Methods in enzymology, vol
XIX (Perlmann, G. E. and Lorand, L. eds) Academic Press, New York. pp.
839.

Kennedy, A. R. 1998. Chemo preventive agents: protease inhibitors, Pharmacol. Ther.
78, 167-2009.

Khatib, H. 2005. Monoallelic expression of the protease inhibitor gene in humans,
sheep, and cattle. Mammal. Gen. 16, 50-58.

Khush, G. S. 1999. Green revolution preparing for the 21st century. Genome. 42, 646—
655.

Khush, G. S. 2001. Green revolution: the way forward. Nat. Rev. Genet. 2, 815-822.

94



Khush, G. S. and Brar, D. S. 1998. The application of biotechnology in rice. In:
Ives, C. L., Bedford, B. M. (Eds.), Agricultural Biotechnology in International
Development. Wallingford, UK, CAB International, pp. 97-121.

Kirankumar, N., Ismail, S. M. and Dutta-Gupta, A. 1997. Uptake of storage protein in
rice moth, Corcyra cephalonica: Identification of storage protein binding
proteins in the fat body cell membranes. Insect Biochem. Mol. Biol. 27, 671-
679.

Kiyohara, T., Iwasaki, T. and Yoshikawa, M. 1973. Chemical and physicochemical
characterization of potato proteinase inhibitor I and comparison of its
specificity with those of inhibitors II-a and 1I-b. J. Biochem. 73, 89-95.

Klopfenstein, N. B., Allen, K. K., Avila, F. J., Heuchelin, S. A., Martinez, J., Carman,
R. C., Hall, R. B., Hart, E. R. and McNabb, H. S. 1997. Proteinase inhibitor II
gene in transgenic poplar: chemical and biological assays. Biomass Bioenergy.
12,299-311.

Kogen, M., 1998. Integrated pest management: historical perspectives and
contemporary developments. Annu. Rev. Entomol. 43, 243-270.

Koiwa, H, Bressan, R. A., and Hasegawa, P. M. 1997. Regulation of protease
inhibitors and plant defense. Trends Plant Sci. 2, 379-384.

Koiwa, K., Shade, R. E., Zhu-Salzman, K., Subramanian, L., Murdock, L. L., Nielsen,
S. S., Bressan, R. A. and Hasegawa, P. M. 1998. Phage display selection can
differentiate insecticidal activity of soybean cystatins. Plant J. 14, 371-379.

Konarev, A. V., Griffin, J., Konechnaya, G. Y. and Shewry, P. R. 2004. The
distribution of serine proteinase inhibitors in seeds of the Asteridae.
Phytochem. 65, 3003-3020.

Kondo, H., Abe, K., Emori, Y. and Arai, S. 1991. Gene organization of oryzacystatin-
II, a new cystatin superfamily member of plant origin, is closely related to that
of oryzacystatin-I but different from those of animal cystatins. FEBS Lett. 278,
87-90.

Kondo, H., Abe, K., Nishimura, I., Iwatanabe, H., Emori, Y. and Arai, S. 1990. Two
distinct cystatin species in rice seeds with different specificities against
cysteine proteinases, molecular cloning, expression and biochemical studies on
oryzacystatin-1I. J. Biol. Chem. 265, 15832—15837.

Kondrak, M., Kutas, J., Szenthe, B., Patthy, A., Banfalvi, Z., Nadasy, M., Graf, L. and
Asboth, B. 2005. Inhibition of Colorado potato beetle larvae by a locust
proteinase inhibitor peptide expressed in potato. Biotechnol. Lett. 27, 829-834.

Konrad, R., Connor, M., Ferry, N., Gatehouse, A. M. and Babendreier, D. 2009.
Impact of transgenic oilseed rape expressing oryzacystatin-1 (OC-1) and of
insecticidal proteins on longevity and digestive enzymes of the solitary bee
Osmia bicornis.

95



Kostina, E., Walff, A. and Julkunen, T. R. 2001. Growth, structure, stomatal responses
and secondary metabolites of birch seedlings (Betula pendula) under elevated
UV-B radiation in the field. Trees. 15, 483-491.

Kouzuma, Y., Inanaga, H., Doi-Kawano, K., Yamasaki, N. and Kimura, M. 2000.
Molecular cloning and functional expression of cDNA encoding the cysteine
proteinase inhibitor with three cystatin domains from sunflower seeds. J.
Biochem. 128, 161-166.

Kramer, S., Mundall, E. and Law, J. W. 1980. Purification and properties of
manducin, an aminoacid storage protein of the haemolymph of larval and
pupal Manduca sexta. Biochem. Int. 10, 279-288.

Kranthi, K. R., Jadhav, D. R., Kranthi, S., Wanjari, R. R, Ali, S. S. and Russell, D. A.
2002. Insecticide resistance in five major insect pests of cotton in India. Crop
Protection. 21, 449-460.

Krattiger, A. F. 1997. Insect resistance in crops: a case study of Bacillus thuringiensis
(Bt) and its transfer to developing countries. ISAAA Briefs. No. 2, p. 42.

Krogstad, D. J. 1996. Malaria as a re-emerging disease. Epidemiol. Rev. 18, 77-89.

Kumar, S., Chandra, A. and Pandey, K. C. 2008. Bacillus thuringiensis (Bt) transgenic
crop: an environment friendly insect-pest managemrnt strategy. J. environ.
Biol. 29, 641-653.

Kuroda, M., Ishimoto, M., Suzuki, K., Kondo, H., Abe, K., Kitamura, K. and Arai, S.
1996. Oryzacystatins exhibit growth-inhibitory and lethal effects on different
species of bean insect pests Callosobruchus chinensis (Coleoptera) and
Riptortus clavatus (Hemiptera). Biosci. Biotechnol. Biochem. 60, 209-212.

Kutas, J., Kondrdk, M., Szenthe, B., Patthy, A., Banfalvi, Z., Nadasy, M., Graf, L.
and Asboth, B. 2004. Colorado potato beetle larvae on potato plants expressing
a locust proteinase inhibitor. Commun. Agric. Appl. Biol. Sci. 69, 281-287.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature. 227, 680-685.

Laskowski, M and Kato, I. 1980. Protein inhibitors of proteinases. Annu. Rev.
Biochem. 49, 593-626.

Lawrence, P. K. and Koundal, K. R. 2002. Plant protease inhibitors in control of
phytophagous insects, Electronic J. of Biotech. 5, 1-17.

Leple, J. C., Bonade'-Botinno, M., Augustin, S., Pilate, G., C, Le Tan, V. D,
Delplanque, A., Cornu, D., Jouanin, L. 1995. Toxicity to Chrysomela tremulae
(Coleoptera: Crysomelidae) of transgenic poplars expressing a cysteine
proteinase inhibitor. Mol. Breed. 1, 319-328.

Lin, Y. H. and Chen, H.L. 1980. Level and heat stability of trypsin inhibitor activity
among sweet potato ( [pomoea batatas Lam.) varieties, Bot. Bull. Acad. Sin.
21, 1-13.

96



Lipke, H., Fraenkel, G. S. and Liener, I. E. 1954. Effects of soybean inhibitors on
growth of Tribolium confusum. J. Sci. Food Agri. 2, 410-415.

Lippman, S. M. and Matrisian, L. M. 2000. Protease inhibitors in oral carcinogenesis
and chemoprevention. Clin. Cancer Res. 6, 4599-4603.

Longnecker, M. P., Klebanoff, M. A., Zhou, H. and Brock, J. W. 2001. Association
between maternal serum concentration of the DDT metabolite DDE and
preterm and small-forgestational- age babies at birth. Lancet. 358, 110-114.

Macedo, M. L. R., Andrade, L. B. S., Moraes, R. A. and Xavier-Filho, J. 1993. Vicilin
variants and the resistance of cowpea (Vigna unguiculata) seeds to the cowpea
weevil (Callosobruchus maculatus). Comp. Biochem. Physiol. 105C, 89-94.

Macedo, M. L. R., das Gracas, M. F. M., da Silva, M. B. and Coelho, L. C. 2007.
Insecticidal action of Bauhinia minandra leaf lectin (BmoLL) against
Anagasta kuehniella (Lepidoptera: Pyralidae), Zabrotes subfasciatus and
Callosobruchus maculatus (Coleoptera: Bruchidae). Comp. Biochem. Physiol.
146, 486-498.

Maheswaran. G., Pridmore. L., Franz. P. and Anderson. M. A. 2007. A proteinase
inhibitor from Nicotiana alata inhibits the normal development of light-brown
apple moth, Epiphyas postvittana in transgenic apple plants. Plant Cell Rep.
26, 773-782.

Main, K. M., Skakkebaek, N. E. and Toppari, J. 2009. Cryptorchidism as part of the
testicular dysgenesis syndrome: The environmental connection. Endo. Dev. 14,
167-173.

Mandal, S., Kundu, P., Roy, B. and Mandal, R. K. 2002. Precursor of the inactive 2S
seed storage protein from the indian mustard Brassica juncea is a novel trypsin
inhibitor. J. Biol. Chem. 277, 37161-37168.

Manichon, H., 1996. Problems and outlook for plant production. Bull. Acad. Natl.
Med. 180, 1903—-1912.

Marchetti, S., Delledonne, M., Fogher, C., Chiaba, C., Chiesa, F., Savazzini, F. and
Giordano, A. 2000. Soybean Kunitz, C-II and PI-IV inhibitor genes confer

different levels of insect resistance to tobacco and potato transgenic plants.
Theor. Appl. Genet. 101, 519-526.

Mares, M., Meloun, B., Pavlik, M., Kostka, V. and Baudys, M. 1989. Primary
structure of cathepsin D inhibitor from potatoes and its structure relationship to
soybean trypsin inhibitor family. FEBS Lett. 251, 94-98.

Margaritopoulos, J. T., Skouras, P.J., Nikolaidou, P., Manolikaki, J., Maritsa, K.,
Tsamandani, K., Kanavaki, O. M., Bacandritsos, N., Zarpas, K. D. and
Tsitsipis, J. A. 2007. Insecticide resistance status of Myzus persicae
(Hemiptera: Aphididae) populations from peach and tobacco in mainland
Greece. Pest Manag. Sci. 63, 821-829.

97



Martinez, M., Diaz-Mendoza, M., Carrillo, L. and Diaz, 1. 2007. Carboxy terminal
extended phytocystatins are bifunctional inhibitors of papain and legumain
cysteine proteinases. FEBS Letters. 581, 2914-2918.

Matern, H., Weiser, U. and Holzer. H. 1979. Isolation, characterization and
localization of the proteinase B inhibitor IB3 from Saccharomyces
carlsbergensis. Eur. J. Biochem. 101, 325-332.

Matsuki, S., Sano, Y. and Koike, T. 2004. Chemical and physical defence in early and
late leaves in three heterophyllous birch species native to northern Japan. Ann.
Bot. 93, 141-147.

Matteson, P. C. 2000. Insect pest management in tropical Asian irrigated rice. Annu.
Rev. Entomol. 45, 549-574.

McBride, J. D., Watson, E. M., Brauer, A. B., Jaulent, A. M. and Leatherbarrow, R. J.
2002. Peptide mimics of the Bowman-Birk inhibitor reactive site loop.
Biopolymers. 66, 79-92.

McManus, M. T. and Burgess, P. J. 1995. Effect of the soybean (Kunitz) trypsin
inhibitor on growth and digestive proteases of larvae of Spodoptera litura. J.
insect. Physiol. 41, 731-738.

McManus, M. T., Laing, W. A., Christeller, J. T. and White, D. W. 1994.
Posttranslational modification of an isoinhibitor from the potato proteinase
inhibitor II gene family in transgenic tobacco yields a peptide with homology
to potato chymotrypsin inhibitor I. Plant Physiol. 106, 771-777.

McManus, M. T., White, D. W. R. and McGregor, P. G. 1994. Accumulation of a
chymotrypsin inhibitor in transgenic tobacco can affect the growth of insects.
Transgenic Res. 3, 50-58.

Megdiche, W., Passaquet, C., Zourring, W., Zuily, F. Y. and Abdelly, C. 2008.
Molecular cloning and characterization of novel cystatin gene in leaves of
Cakile maritime haplotype. J. Plant Physiol. Nov 28. [Epub ahead of print]

Michaud, D., Faye, L. and Yelle, S. 1993. Electrophoretic analysis of plant cysteine
and serine proteinases using gelatin-containing polyacrylamide gels and class-
specific proteinase inhibitors. Electrophoresis. 14, 94-98.

Mickel, C. E. and Standish, J. 1947. Susceptibility of processed soy flour and soy grits
in storage to attack by Tribolium castaneum. University of Minnesota
Agricultural Experimental Station Technical Bulletin. 178, 1-20.

Miller, E. A., Lee, M. C. S., Atkinson, A. H. O. and Anderson, M. A. 2000.
Identification of a novel four-domain member of the proteinase inhibitor II
family from the stigmas of Nicotiana alata. Plant Mol. Biol. 42, 329-333.

Mooney, H. A., Gulmon, S. L. and Johnson, N. D. 1983. Physiological constraints on
plant chemical defences. In: Hedin P. A. (eds.), Plant resistance to insects.
Washington, D.C.: American Chemical Society, pp. 21-36.

Mosolov, V. V. 1998. Advances in studies of natural inhibitors of proteolytic
enzymes. Bioorg. Khim. 24, 332-340.

98



Mosolov, V. V. and Valueva, T. A. 2008. Proteinase inhibitors in plant biotechnology:
A review. App. Biochem. Microbiol. 44, 233-240.

Nandeesha, P. and Prasad, D. T. 2001. Characterization of serine proteinase inhibitor
from subabul (Leucaena leucocephala Lam) seeds. J. Plant Biochem.
Biotechnol. 10, 75-78.

Nelson, C. E. and C. A. Ryan. 1980. In vitro synthesis of preproteins of vacuolar
compartmented proteinase inhibitors that accumulate in leaves of wounded
tomato plants. Proc. Natl. Acad. Sci. USA 77, 1975-1979.

Nelson, R. R. 1978. Genetics of horizontal resistance to plant diseases. Ann. Rev.
Phytopathol. 1978. 16, 359-78.

Ngowi, A. V. F., Mbise, T. J., [jani, A. S. M., London, L. and Ajayi, O. C. 2007.
Smallholder vegetable farmers in Northern Tanzania: Pesticides use practices,
perceptions, cost and health effects. Crop Protection. 26, 1617-1624.

Nicholson, M. G. 2007. Fighting the global pest problem: Preface to the special
Toxicon issue on insecticidal toxins and their potential for insect pest control,
Toxicon. 49, 413-422.

Noghabi, S. S., Van Damme, E. J. M. and Smagghe, G. 2008. Carbohydrate-binding
activity of the type-2 ribosome-inactivating protein SNA-I from elderberry
(Sambucus nigra) is a determining factor for its insecticidal activity.
Phytochem. 69, 2972-2978.

Norioka, S. and Ikenaka T. 1983. Amino acid sequences of trypsin-chymotrypsin
inhibitors (A-I, A-II, B-I, and B-II) from peanut (Arachis hypogaea): a
discussion on the molecular evolution of legume Bowman-Birk type inhibitors.
J. Biochem. 94, 589-599.

Norioka, S., Omichi, K. and Ikenaka, T. 1982. Purification and characterisation of
protease inhibitors from peanuts (Arachis hypogaea). J. Biochem. 91. 1427-
1434.

Novotny, V., Basset, Y., Miller, S. E., Weiblen, G. D., Bremer, B., Cizek, L., Drozd,
P. 2002. Low host specificity of herbivorous insects in a tropical forest.
Nature. 416, 841-844.

Oerke, E. C. and Dehne, H. W. 2004. Safeguarding production—losses in major crops
and the role of crop protection. Crop Prot. 23, 275-285.

Osborn, T. C., Alexander, D. C., Sun, S. S. M., Cardona, C. and Bliss, F. A. 1988.
Insecticidal activity and lectin homology of arcelin seed protein. Science. 240,
207-210.

Outchkourov, N. S., de Kogel, W. J., Wiegers, G. L., Abrahamson, M. and Jongsma,
M. A. 2004. Engineered multidomain cysteine protease inhibitors yield
resistance against western flower thrips (Frankliniella occidentalis) in
greenhouse trials. Plant Biotechnol. J. 2, 449-458.

99



Palli, S. R. and Locke, M. 1987. Purification of three major haemolymph proteins of
an insect, Calpodes ethlius (Lepidoptera: Hesperidae). Arch. Insect Biochem.
Physiol. 5, 233-244.

Pan, M. L. and Telfer, W. H. 1996. Methionine-rich hexamerin and arylphorin as
precursor reservoirs for reproduction and metamorphosis in female luna moths.
Arch. Insect Biochem. Physiol. 33, 149-62.

Pannetier, C., Giband, M., Couzi, P., Letan, V., Mazier, M., Tourneur, J. and Hau, B.
1997. Introduction of new traits into cotton through genetic engineering: insect
resistance as example. Euphytica. 96, 163-166.

Pernas, M., Sanchez-Monge, R., Gomez., L. and Salcedo, G. 1998. A chestnut seed
cystatin differentially effective against cysteine proteinases from closely
related pests. Plant Mol. Biol. 38, 1235-1242.

Peumans, W. J. and Van Damme, E. J. M. 1996. Prevalence, biological activity and
genetic manipulation of lectins in foods. Trends Food Sci. Technol. 7, 132—
138.

Peumans, W. J. and Van Damme, E.J.M. (1995). Lectin as plant defense proteins.
Plant Physiol. 109, 347-352.

Picollo, M. 1., Vassena, C., Orihuela, P. S., Barrios, S., Zaidemberg, M. and Zerba, E.
2005. High resistance to pyrethroid insecticides associated with ineffective
field treatments in Triatoma infestans (hemiptera: reduviidae) from northern
Argentina. J. Med. Entomol. 42, 637-642.

Pietrantonio, P. V., Junek, T. A., Parker, R., Mott, D., Siders, K., Troxclair, N.,
Vargas-Camplis, J., Westbrook, J. K. and Vassiliou, V. A. 2007. Detection and
evolution of resistance to the pyrethroid cypermethrin in Helicoverpa zea
(Lepidoptera: Noctuidae) populations in Texas. Environ. Entomol. 36, 1174-
1188.

Plank, J. E. V. D. 1966. Horizontal (polygenic) and vertical (oligogenic) resistance
against blight. Amer. J. Potato Res. 43, 43-52.

Pompermayer, P., Lopes, A. R., Terra, W. R., Parra, J. R. P., Falco, M. C. and Silva,
M. C. 2001. Effects of soybean proteinase inhibitor on development, survival

and reproductive potential of the sugarcane borer, Diatrea saccharalis.
Entomol. Exp. Appl. 99, 79-85.

Prasad, B. D., Jha, S. and Chattoo, B. B. 2008. Transgenic indica rice expressing
Mirabilis jalapa antimicrobial protein (Mj-AMP2) shows enhanced resistance
to the rice blast fungus Magnaporthe oryzae. Plant Sci. 175, 364-371.

Qi,R. F., Song, Z. W. and Chi, C. W. 2005. Structural features and molecular
evolution of Bowman-Birk protease inhibitors and their potential application.
Acta Biochim. Biophys. Sinica. 37, 283-292.

Rahbe, Y., Deraison, C., Bonade-Bottino, M., Girard, C., Nardon, C. and Jouanin, L.
2003. Effects of the cysteine protease inhibitor oryzacystatin (OC-I) on

100



different aphids and reduced performance of Myzus persicae on OC-I
expressing transgenic oilseed rape. Plant Sci. 164, 441- 450.

Rajmohan, N. 1998. Pesticides resistance-A global scenario. Pestic. World. 3, 34—40.

Ramos, V. Da S., Silva, G. De S., Freire, M. Das G. M., Machado, O. L. T., Parra, J.
R. P. and Macedo. M. L. R. 2008. Purification and characterization of a trypsin
inhibitor from Plathymenia foliolosa seeds. J. Agric. Food Chem. 56, 11348—
11355.

Ramos, Vda.S, Freire, M. G., Parra, J. R. and Macedo, M. L. 2009. Regulatory effects
of an inhibitor from Plathymenia foliolosa seeds on the larval development of
Anagasta kuehniella (Lepidoptera). Comp. Biochem. Physiol. 152, 255-261.

Rancour, J. M. and Ryan, C. A. 1968. Isolation of a carboxypeptidase B inhibitor from
potatoes. Arch. Biochem. Biophys. 125. 380-382.

Richardson, M. 1977. The Proteinase inhibitors of plants and microorganisms.
Phytochem. 16, 159-169.

Richardson, M. 1991. Seed storage proteins: The Enzyme inhibitors. In Rogers, L. J.
(ed.), Methods in Plant Biochemistry Vol 5, Amino Acids, proteins and
Nucleic Acids New York: Academic Press, pp. 259-305.

Rival, S., Wisniewski, J. P., Langlais, A., Kaplan, H., Freyssinet, G., Vancanneyt, G.,
Vunsh, R., Perl, A. and Edelman, M. 2008. Spirodela (duckweed) as an
alternative production system of pharmaceuticals: a case study, aprotinin.
Transgenic Res. 17, 503-513.

Romeis, J., Meissle, M. and Bigler, F. 2006. Transgenic crops expressing Bacillus
thuringiensis toxins and biological control. Nat. Biotechnol. 24. 63-71.

Ryan, C. A. 1968. Synthesis of chymotrypsin inhibitor I protein in potato leaflets
induced by detachment. Plant Physiol. 43, 1859-1865.

Ryan, C. A. 1989. Insect-induced chemical signals regulating natural plant
protection responses. In: Denno, R.F. and Mc Clure M.S., eds. Variable
plants and herbivores in natural and managed systems. New York, Academic
Press, p. 43-60.

Ryan, C. A. 1990. Protease inhibitors in plants: genes for improving defences against
insects and pathogens. Annu. Rev. Phytopathol. 28, 425-449.

Ryan, C. A. and Pearce, G. 1998. Systemin: A polypeptide signal for plant defensive
genes. Annu. Rev. Cell Dev. Biol. 14, 1-17.

Ryan, S. N., Laing, W. A. and McManus, M. T. 1998. A cysteine proteinase inhibitor
purified from apple fruit. Phytochem. 49, 957-963.

Sakato, K., Tanaka, H. and Misaw, M. 1975. Broad-Specificity proteinase inhibitors
in Scopolia japonica (Solanaceae) cultured cells: Isolation, physicochemical
properties, and inhibition kinetics. Eur. J. Biochem. 55, 211-219.

101



Sales, M. P., Gerhardt, I. R., Grossi-de-Sa, M. F. and Xavier-Filho, J. 2000. Do
legume storage proteins play a role in defending seeds against bruchids? Plant
Physiol. 124, 515-522.

Sales, M. P., Macedo, M. L. R. and Xavier-Filho, J. 1992. Digestibility of cowpea
(Vigna unguiculata) vicilins by pepsin, papain and bruchid (insect) midgut
proteinases. Comp. Biochem. Physiol. 103B, 945-950.

Sanchez-Serrano, J. J., Schmidt, R., Schell, J. and Willmitzer, L. 1986. Nucleotide
sequence of proteinase inhibitor II encoding ¢cDNA of potato (Solanum
tuberosum) and its mode of expression. Mol. Gen. Genet. 203, 15-20.

Sardana, R. K., Ganz, P. R., Dudani, A. K., Tackaberry, E. S., Cheng, X. and Altosaar,
1. 1998. Synthesis of recombinant human cytokine GMCSF in the seeds of
transgenic tobacco plants. In: Cunningham, C. and Porter A. J. R., eds.
Recombinant proteins from plants. Production and isolation of clinically useful
compounds. Totowa NJ, Humana Press, p. 77-87.

Savage, G. P., and Keenan, J. 1. 1994. The composition and nutritive value of
groundnut kernels. In (J. Smart, Ed.), “The Groundnut Crop: A Scientific
Basis for Improvement” Chapman and Hall, London. pp. 173-213.

Schiagger, H. and Jagow, G. von. 1987. Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for the separation of proteins in the range
from 1 to 100 kDa. Anal. Biochem. 166, 368-379.

Schaller, A. and Ryan, C. A. 1995. Systemin- a polypeptide defense signal in plants.
Bioessays. 18, 27-33.

Schirra, H. J., Anderson, M. A. and Craik, D. J. 2008. Structural refinement of
insecticidal plant proteinase inhibitors from Nicotiana alata. Protein Pept.
Lett. 15, 903-909.

Shahverdi, A. R., Saadat, F., Khorramizadeh, M. R., Iranshahi, M. and Khoshayand,
M. R. 2006. Two matrix metalloproteinases inhibitors from Ferula persica var.
persica. Phytomedicine. 13, 712-717.

Sharma, C. H., Sharma, K. K., Seetharama, N. and Oritz, R. 2000.
http://www.ejbiotechnology.info/content/vol.3/issue2/full/3/bip/

Sharma, H, C., Pampapathy, G., Dwiwedi, S. L. and Reddy J. L. 2003. Mechanism of
diversity of resistance to insect pests in wild relatives of groundnut. J. Econ.
Entomol. 96. 1886-1897.

Sharma, H. C. and Ortiz, R. 2002. Host plant resistance to insects: an ecofriendly
approach for pest management and environment conservation. J. Environ.
Biol. 23, 111-135.

Sharma, H. C., Sharma, K. K., Seetharama, N. and Oritz, R. 2001. Genetic
transformation of crop plants: Risks and opportunities for the rural poor. Curr.
Sci. 80, 1495-1508.

102



Shulke, R. H. and Murdock, L. L. 1983. Lipoxygenase trypsin inhibitor and lectin
from seeds: effects on larval growth of Manduca sexta (Lepidoptera:
Sphingidae). Environ. Entomol. 12, 789-791.

Shuren, G., Caibin, W., Shanlin, Y., Jimin, Z., Xueqing, Z., Shubo, W., Shouxiang, T.,
Chuantang, W. and Ruorui, Q. 1996. Present situation and prospects for
groundnut production in China. In “Achieving High Groundnut Yields:
Proc. Int. Workshop” (C. L. L Gowda, S. N. Nigam, C. Johansen and C.
Renard, Eds.), pp. 17-26. Laixi City, Shandong, China (In English. Summaries
in English and Chinese) and ICRISAT, Patancheru, India.

Siffert, O., Emod, 1. and Keil, B. 1976. Interaction of clostripain with natural trypsin
inhibitors and its affinity labeling by N*-p-nitrobenzyloxycarbonyl arginine
chlormethyl ketone. FEBS letters. 66, 114-119.

Sin, S. F. and Chye, M. L. 2004. Expression of proteinase inhibitor II proteins during
floral development in Solanum americanum. Planta. 219, 1010-1022.

Solomon, M., Belenghi, B., Delledonne, M., Menachem, E. and Levine, A. 1999. The
involvement of cysteine proteases and protease inhibitor genes in the
regulation of programmed cell death in plants. Plant Cell. 11, 431-444.

Srinivasan, T., Kumar, K. R. and Kirti, P. B. 2009. Constitutive expression of a trypsin
protease inhibitor confers multiple stress tolerance in transgenic tobacco. Plant
Cell Physiol. 50, 541-543.

Stalker, H. T., and Campbell, W. V. 1983. Resistance of wild species of peanut to an
insect complex. Peanut Sci. 10, 30-33.

Stara, J. and Kocourek, F. 2007. Insecticidal resistance and cross-resistance in
populations of Cydia pomonella (Lepidoptera: Tortricidae) in central Europe.
J. Econ. Entomol. 100, 1587-1595.

Steenbakkers, P. J. M., Irving, J. A., Harhangi, H. R., Swinkels, W. J. C., Akhmanova,
A., Dijkerman, R., Jetten, M. S. M., Drift, C. V. D., Whisstock, J. C. and Camp
Op Den H. J. M. 2008. A serpin in the cellulosome of the anaerobic fungus
Piromyces sp. strain E2. Mycol. Res. 112, 999-1006.

Stevenson, P. C., Blaney, W. M., Simmonds, M. S. J. and Wightman, J. W. 1993. The
identification and characterisation of resistance in wild species of Arachis to
Spodoptera litura (Lepidoptera; Noctuidae). Bull. Entomol. Res. 83, 421-429.

Strobl, S., Muhlhahn, P., Bernstein, R., Wiltscheck, R., Maskos, K., Wunderlich, M.,
Huber, R., Glockshuber, R. and Holak, T. A., 1995. Determination of the 3-
dimensional structure of the bifunctional alpha-amylase/trypsin inhibitor from
ragi seeds by NMR spectroscopy. Biochemistry. 34, 8281-8293.

Suzuki, A., Tsunogae, Y., Tanaka, I., Yamane, T., Ashida, T., Norioka, S., Hara, S.
and Ikenaka, T. 1987. The structure of Bowman-Birk type protease inhibitor
A-II from peanut (Arachis hypogaea) at 3.3 °A resolution. J. Biochem. 101,
267-74.

103



Suzuki, A., Yamane, T., Ashida, T., Norioka, S., Hara, S. and Ikenazka T. 1993.
Crystallographic refinement of Bowman-Birk type protease inhibitor A-II from
peanut (Arachis hypogaea) at 2.3 A resolution. J. Mol. Biol. 234, 722-34.

Tamhane, V. A., Giri, A. P., Sainani, M. N. and Gupta, V. S. 2007. Diverse forms of
Pin-II family proteinase inhibitors from Capsicum annuum adversely affect the
growth and development of Helicoverpa armigera. Gene. 403, 29-38.

Telang, M. A., Giri, A. P., Pyati, P. S., Gupta, V. S., Tegeder, M. and Franceschi V. R.
2009. Wiged bean chymotrypsin inhibitors retard growth of Helicoverpa
armigera. Gene. 431, 80-85.

Telang, M.A., Giri, A. P., Sainani, M. N. and Gupta, V. S. 2005. Characterization of
two midgut proteinases of Helicoverpa armigera and their interaction with
proteinase inhibitors. J. Insect Physiol. 51, 513-522.

Telfer, W. H. and Kunkel, J. G. 1991. The function and evolution of insect storage
hexamers. Ann. Rev. Entomol. 36, 205-228.

Terra, W. R. 1990. Evolution of digestive systems of insects. Annu. Rev. Entomol. 35,
181-200.

Terra, W. R. and Ferriera, C. 1994. Insect digestive enzymes: properties,
compartmentalization and function. Comp. Biochem. Physiol. 109B. 1-62.

Terra, W. R., Ferreira, C., Jordao B. P. and Dillon, R. J. 1996. Digestive enzymes. In:
Lehane, M. J., Billingsley, P. F. (eds.), Biology of the Insect Midgut. Billin
London, Chapman and Hall, p. 153-194.

Thomas, J. C., Adams, D.G., Keppenne, V.D., Wasmann, C.C., Brown, J. K.,
Kanost, M. R.and Bohnert H.J. 1995. Protease inhibitors of Manduca
sexta expressed in transgenic cotton. Plant Cell Reports. 14, 758-762.

Tian, L., Zhang, L., Zhang, J., Song, Y. and Guo, Y. 2009. Differential proteomic
analysis of soluble extracellular proteins reveals the cysteine protease and
cystatin involved in suspension cultured cell proliferation in rice. Biochem,
Biophys. Acta. 1794. 459-467.

Tojo, S., Morita, M., Agui, N. and Hiruma, K. 1985. Hormonal regulation of phase
polymorphysim and storage protein fluctuation in the common cut worm,
Spodoptera litura. J. Insect Physiol. 31, 283-292.

Tojo, S., Nagata, M. and Kobayashi, M. 1980. Storage proteins in the silk worm
Bombyx mori. Inect biochem. 10, 289-303.

Towbin, H., Stachelin, T. and Gordon, J. 1979. Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc Natl Acad Sci U S A 76, 4350-4354.

Traw, M. B. and Dawson, T. E. 2002. Differential induction of trichomes by three
herbivores of black mustard. Oecologia. 131, 526-532.

Tsunogae, Y., Suzuki, A., Sone, T., Takahashi, K., Tanaka, 1., Yamane, T., Ashida, T.,
Norioka, S., Hara, S. and Ikenaka, T. 1986. Crystallization of Bowman-Birk

104



type protease inhibitor (peanut) and its complex with trypsin. J. Biochem. 100,
243-246.

Turk, B., Turk, V. and Turk, D. 1997. Structural and functional aspects of papain-like
cysteine proteinases and their protein inhibitors. Biol. Chem. 378, 141-150.

Tur-Sinai, A., Birk, Y., Gertler, A. and Rigbi, M. 1972. A basic trypsin- and
chymotrypsin- inhibitor from groundnuts (Arachis hypogaea). Biochem.
Biophys. Acta. 263, 666-672.

U. S. Census Bureau 2006. World Population Information. U.S. Census Bureau,
Population Division, International Programs Center. Last Revised: June 08,
2006.

Urwin, P. E., Atkinson, H. J. and McPherson, M. J. 1995a. Involvement of the NH,-
terminal region of oryzacystatin-I in cysteine Proteinase inhibition. Protein
Engng. 8, 1303-1307.

Urwin, P. E., Atkinson, H. J., Waller, D. A. and McPherson, M. J. 1995b. Engineered
oryzacystatin-I expressed in transgenic hairy roots confers resistance
to Globodera pallida. Plant. J. 8, 121-131.

Urwin, P. E., Lilley, C. J., Mcpherson, M. J. and Atkinson, H. J. 1997. Resistance to
both cyst and rootnot nematodes conferred by transgenic Arabidopsis
expressing a modified plant cystatin. Plant J. 12, 455-461.

Urwin, P. E., McPherson, M. J. and Atkinson, H. J., 1998. Enhanced transgenic plant
resistance to nematodes by dual Proteinase inhibitor constructs. Planta. 204,
472-479.

Ussuf, K. K., Laxmi, N. H. and Mitra, R. 2001. Proteinase inhibitors: Plant-derived
genes of insecticidal protein for developing insect-resistant transgenic plants.
Curr. Sci. 80, 847-853.

Vain, P., Worland, B., Clarke, M. C., Richard, G., Beavis, M., Liu, H., Kohli, A.,
Leech, M., Snape, J. and Christou, P. 1998. Expression of an engineered
cysteine proteinase inhibitor (Oryzacystatin-I delta D86) for nematode
resistance in transgenic rice plants. Theor. Appl. Gen. 96, 266-271.

Van Wendel de J. B., Wesseling, C., Kromhout, H., Monge, P., Garcia, M., Mergler,
D., 2001. Chronic nervous-system effects of long-term occupational exposure
to DDT. Lancet. 357, 1014-1016.

Vancanneyt, G., Dubald, M., Schroder, W., Peters, J. and Botterman, J. 2009. A case
study for plant-made pharmaceuticals comparing different plant expression and
production systems. Meth. Mol. Biol. 483, 209-221.

Walker, A. J., Ford, L., Majerus, M. E. N., Geoghegan, I. E., Birch, A. N. E.,
Gatehouse, J. A. and Gatehouse, A. M. R. 1998. Characterization of the midgut
digestive proteinase activity of the two-spot lady bird (Adalia bipunctata L.)
and its sensitivity to proteinase inhibitors. Insect Biochem. Mol. Biol. 28, 173-
180.

105



Walsh, T. A. and Strickland, J. A. 1993. The 85-kd crystalline cysteine protease
inhibitor from potato contains 8 cystatin domains. Protein Engng. 6, 53-56.

Wang, Z.-Y., Sun, X.-F., Wang, F., Tang, K.-X. and Zhang, J.-R. 2005. Enhanced
resistance of snowdrop lectin (Galanthus nivalis L. agglutinin)-expressing
maize to Asian corn borer (Ostrinia furnacalis Guenée). J. Integr. Plant Biol.
47, 873-880.

Way, H. J. and Heong, K. L. 1994. The role of biodiversity in the dynamics and
management of insect pests of tropical irrigated rice-A review. Bull. Entomol.
Res. 84, 567-587.

Webb, B. A. and Riddiford, L. M. 1988. Synthesis of two storage proteins during
larval developmentof the tobacco cut worm, Manduca sexta. Dev. Biol. 130,
671-681.

Weiler, E. W., Laudert, D., Schaller, F., Stelmach, B. and Henning, P. 1998. Fatty
acid-derived signalin molecules in the interaction of plants with their
environment. In: Romeo et al. (Eds.), Phytochemical signals and plant-
microbe interactions. Plenum press, New York, pp. 179-205.

Williamson, V. M. and Hussey, R. S. 1996. Nematode pathogenesis and resistance in
plants. Plant Cell. 8, 1735-1745.

Wilson, C. M. 1983. Staining of proteins on gels: comparisons of dyes and
procedures. Methods Enzymol. 91, 236-47.

Wilson, K. A. and Laskowski, M. 1973. Isolation of three isoinhibitors of trypsin
from garden bean, Phaseolus vulgaris, having either lysine or arginine at the
reactive site. J. Biol. Chem. 248, 756-762.

Wilson, K. A. and Laskowski, M. 1975. The partial amino acid sequence of trypsin
inhibitor II from garden bean, Phaseolus vulgaris, with location of the trypsin
and elastase-reactive sites. J. Biol. Chem. 250, 4261-4267.

Winterburn, T. J., Phylip, L. H., Bur, D., Wyatt, D. M., Berry, C. and Kay, J. 2007.
N-terminal extension of the yeast IA3 aspartic proteinase inhibitor relaxes the
strict intrinsic selectivity. FEBS J. 274, 3685-3694.

Wolfson, J. L. and Murdock, L. L. 1987. Suppression of Colorado potato beetle
growth and development by digestive proteinase inhibitors. Entomol. Exp.
Appl. 44, 235-240

World Health Organisation, 1992. Vector resistance to insecticides. 15th Report of the
WHO Expert Committee on Vector Biology and Control. World Health
Organization Technical Report Series. 818, pp. 1-62.

Wu, J. W. and Haard, N. F. 2000. Purification and characterization of a cystatin from
the leaves of methyl jasmonate treated tomato plants. Comp. Biochem.
Physiol. 127C, 209-220.

Xu, D., Xue, Q., Mc Elroy, D., Mawal, Y., Hilder, V. A. and Wu, R. 1996.
Constitutive expression of a cowpea trypsin inhibitor gene, CpTi, in transgenic
rice plants confers resistance to two major rice pests. Mol. Breed. 2, 167-173.

106



Xu, Z. F., Qi, W. Q., Ouyang, X. Z., Yeung, E. and Chye, M. L. 2001. A proteinase
inhibitor II of Solanum americanum is expressed in phloem. Plant Mol. Biol.
47,727-738.

Xu, Z. F., Teng, W. L. and Chye, M. L. 2004. Inhibition of endogenous trypsin- and
chymotrypsin-like activities in transgenic lettuce expressing heterogeneous
proteinase inhibitor SaPIN2a. Planta. 218, 623-629.

Yeh, K. W., Chen, J. C., Lin, M. 1., Chen, Y. M. and Lin, C. Y. 1997a. Functional
activity of sporamin from sweet potato ( Ipomoea batatas Lam.): a tuber
storage protein with trypsin inhibitory activity. Plant Mol. Biol. 33, 565-570.

Yeh, K., Liu, M. L., Tuan, S. J., Chen, Y., Liu, C. and Kao, S. S. 1997b. Sweetpotato
(Ipomoea batatus) trypsin inhibitors expressed in transgenic tobacco plants
confer resistance against Spodoptera litura. Plant Cell Rep. 16, 696—699.

Zavala, J. A., Patankar, A. G., Gase, K., Hui, D. and Baldwin, I. T. 2004.
Manipulation of endogenous trypsin proteinase inhibitor production in
Nicotiana attenuate demonstrates their function as antiherbivore defenses,
Plant Physiol. 134, 1181-1190.

Zhang, X., Liu, S. and Takano, T. 2008. Two cysteine proteinase inhibitors from
Arabidopsis thaliana, AtCYSa and AtCYSb, increasing the salt, drought,
oxidation and cold tolerance. Plant Mol. Biol. 68, 131-143.

107



	Appendix final 4.pdf
	contents
	Intro final 4
	mat & met final 4
	Res final 4.1
	Res final 4.2
	Res final 4.3
	Discussion final 4
	Sum & Conc 4
	Reff4

