REVIEW ARTICLES

Polygalacturonase-inhibiting proteins in plant

defence

V. Gomathi* and S. S. Gnanamanickam

Centre for Advanced Studies in Botany, University of Madras, Guindy Campus, Chennai 600 025, India

Polygalacturonases (PGs) are secreted by pathogens to
solubilize the plant cell wall and are required for
pathogen virulence. Plant proteins that inhibit PG
limit the growth of pathogens and at the same time also
elicit defence responses in plants by increasing the
lifetime of oligogalacturonoides. These polygalacturo-
nase-inhibiting proteins (PGIPs) are one of the well-
elucidated leucine-rich repeat proteins. We review the
properties of PGIPs, molecular aspects of their inter-
action with PG and their possible application to the
development of disease-resistant transgenic crop plants.

PECTIN is a major component of the primary walls of di-
cotyledonous and non-graminaceous monocotyledonous
cells. During pathogenesis, cell walls act as the first line
of defence that pathogens encounter to colonize the plant
tissue and obtain nutritional requirements. A pathogen
has to breach the pectin layer for its ramification. A wide
range of enzymes, including exo- and endo-polygalactu-
ronase, pectatelyase, pectin methyl esterase and beta-
galactosidase are involved in pectin modifications'. Pec-
tin-degrading enzymes, including endo-polygalacturonase
(EPG), are among the first glycanases to be secreted dur-
ing fungal infection. Polygalacturonase (PG) is the first
cell-wall-degrading enzyme synthesized by phytopatho-
genic fungi cultured on isolated cell walls>. PGs are known
to be secreted by phytopathogenic fungi, bacteria and
nematodes. PGs that break down the polygalacturonate
chain in a random manner into small chains of oligoga-
lacturonate are called EPG and other PGs that cleave the
polygalacturonate chain in terminal manner and release
monomeric products, i.e. galcturonic acids are called exo-
polygalacturonase®. EPG  (poly-ai-1,4-galacturonide  gly-
canohydrolase, EC 3.2.1.15) degrades unesterified regions
of homogalacturonan (HGA), the 1,4 linked o-D-galacto-
syluronic acid polymer found in pectin of plant cell wall.
There are also strong correlative evidences supporting the
involvement of EPG in causing symptoms in diseases
characterized by soft-rotting or tissue maceration® >,

EPG fragmentation of HGA results in the transient
formation of elicitor-active oligogalacturonoides (OGAs)
with degrees of polymerization between 9 and 15. These
OGAs are rapidly (within 15 min) converted into smaller,
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biologically inactive fragments by EPG. Thus, factors that
limit fungal EPG action are likely to increase the lifetimes
and concentrations of biologically active OGAs and may
result in enhanced or prolonged plant defence responses®.
Plants secrete proteins that specifically bind to PGs and
modify their enzyme action. Cervone ef al.” hypothesized
that polygalacturonase-inhibiting proteins (PGIP) benefit
the plant by retarding the hydrolytic activity of PG-cataly-
sed hydrolysis of polypectate and lead to the formation of
oligomers with a degree of polymerization greater than
four. Such oligomers elicit active defence mechanism in
plants. Therefore, the action of PGIP in vivo is to coun-
teract fungal invasion by causing PGs to increase their
elicitation of plant defence responses. The PGIP family
of proteins, present in the walls of dicots and non-gra-
minaceous monocots, are in some cases capable of inhi-
biting greater than 92% of the activity of fungal PGs® and
sometimes’ even to 100%. A major goal in plant pathology
is to understand the molecular basis of pathogen recogni-
tion by plants. Though PGIP is one among the few well-
elucidated, pathogenesis-related (PR) proteins of known
ligand—protein binding model, research on this group of
PR proteins has not been reviewed.

OGAs in eliciting plant resistance

Oligosaccharides derived from fungal and plant cell-wall
polysaccharides are one class of well-characterized elici-
tors that, in some cases, can induce defence responses at a
very low concentration, e.g. in nanomoles'’. Cell-wall oligo-
saccharides elicit numerous defence mechanisms that have
evolved in plants to prevent invasion by pathogenic
fungi. The following list of observations support this: (i)
OGAs of plant cell walls released by EPG elicited the indu-
ction of casbene, a phytoalexin in castor bean''; (ii) pectin
and EPG of Cladosporium cucumerinum triggered the
lignification of cell wall in cucumber hypocotyls'®; (iii)
fragments of endogenous plant cell walls elicited hydroxy-
proline-rich glycoproteins and ethylene in soybean and
melon'?; (iv) OGAs increased phenylalanine ammonia
lyase in Citrus limon seedlings™ and (v) OGAs inhibited
auxin-induced elongation and interfered with auxin-indu-
ced ethylene production in pea stems'. These examples
demonstrate the induction of resistance reactions by OGAs.
Cervone ef al” unambiguously showed that the active
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EPG of Aspergillus niger formed OGAs from pectin which
were capable of eliciting resistance response, while either
the heat-killed or antibiotic-inhibited enzyme or HGA failed
to produce such a response in Vigna unguiculata. There-
fore, microbial wall polymerases might be as important to
the plant as warning signals as they are to a pathogen as
virulence factors. In most cases, it appears that plants do
not recognize wall depolymerases directly, but rather res-
pond to the enzyme products'®. The term ‘oligosaccharin’
was coined by Albersheim and co-workers'® to describe
biologically active oligosaccharides that are produced as
a result of the action of either endogenous or microbial
enzymes on larger and inactive polysaccharides. Elicitor
activity of OGA was reported in many dicotyledonous
plants, but there was no report in monocot plants. This
might be due to the much lower content of pectic poly-
saccharides in monocot cell walls.

Discovery of PGIP and early investigations

Conventionally, the inactivation of pectinolytic enzymes
was thought to be due to the action of non-proteinaceous
and non-specific inhibitors like phenolics, though only in
some cases such as oxidized polyphenols'” and tannins of
chestnut bark’, was there a good evidence. Contrary to this,
few researchers found that phenolics do not inhibit EPG.
For example, as high as 200 ug ml™' p-coumaric acid and
ferulic acid of tomato did not inhibit the PG of Botrytis
cinerea". Albersheim and Anderson'® reported that pro-
teins extracted from the cell walls of red kidney bean hypoco-
tyls, tomato stems, and suspension-cultured sycamore cells
can completely inhibit the activity of PGs secreted by the
fungal plant pathogens Colletotrichum lindimuthianum,
Fusarium oxysporum and Sclerotium rolsfii. They also
found that the inhibitors showed varying degrees of inhibi-
tion on PGs of different pathogens and their physical pro-
perties were similar to those of phytohemmaglutinins and
plant glycoproteins capable of agglutinating transformed
animal cells. During the 1970s, not much of focused res-
earch on PGIP was carried out, except for the contributions
of Albersheim and his colleagues at the Department of
Chemistry, University of Colorado'®'. Figure 1 depicts
the model proposed by Albersheim and co-workers on the
role of oligosaccharide and PGIPs in the induction of plant
defence response®.

Little or no activity of PG was detected in crude extracts
of peach tissue infected with Monilinia spp., though its
presence was confirmed by isoelectric focusing after frac-
tionation. Further experiments confirmed the presence of
proteinaceous inhibitors present in apple and peach tissues
infected with Monilinia spp.”’. While assessing suscepti-
bility of pear fruit to three potential pathogenic fungi in
relation to its maturity, a non-phenolic inhibitor was iden-
tified and was found to be cell-wall-bound proteins®’. In
1980s, PGIPs from different plants have been character-
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ized biochemically, but little progress was made on the
elucidation of structure and regulation of expression of
PGIPs, which is crucial for the understanding of the in
vivo function of this class of proteins.

In India, major research on the inhibition of pectinolytic
enzymes has been correlated with phenolic compounds and
phenol oxidases. Our studies on the inhibition of pectino-
Iytic enzymes, polymethyl galacturonase, pectin lyase
and pectate lyase of Colletotrichum capsici and C. gloeo-
sporioides (pathogenic fungi of chilli) by fungitoxicants
have shown better inhibition in vivo than in vitro; PG was
not inhibited in vitro, but was inhibited by the same
fungitoxicant in vivo™. Capsicum annuum (chilli) plants
treated with fungitoxic chemicals showed less phenolic
content and less activity of peroxidases than the untreated
and infected plants™. PG activity, however, showed a re-
verse pattern. These results suggested that phenols are not
involved in the inhibition of PG and this led us to search
for proteinaceous inhibitors in chilli plants. Proteinaceous
inhibitors for partially purified PG of C. capsici from
chilli seedlings have been identified and their purification
is in progress.

In general, the proteinaceous inhibitors for PG were
isolated only from dicotyledonous plant species. Recently,
and for the first time, PGIP from a monocotyledonous
species was purified from a non-graminaceous plant, Allium
porrumz“, and from a graminaceous member, wheat®. Its
presence was confirmed by biochemical and immunological
evidences®. But the levels of PGIP were low in wheat
seedlings, and this can be explained by the presence of
one-tenth the amount of pectin in wheat cell wall compared
to dicot plants.
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Figure 1. Model depicting the role of oligosaccharide and PGIPs in

the induction of plant defence response. (Proposed by Albersheim and
co-workers, Complex Carbohydrate Research Center, University of
Georgia, USA; www.ccrc.uga.edw/-mao/plapath/Pptext.htm). Reprodu-
ced with permission from Dr P. Albersheim.
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Isolation and purification methods

For preliminary screening and crude extraction of PGIP,
ground plant tissue is extracted in a buffer with or without
NaCl: with NaCl to extract the wall-bound and without
NaCl to extract the soluble inhibitor proteins of PG. No
single or standard method of purification is available at
present. Most of the methods have been used only once
and they were successful to a limited extent.

The first successful purification was achieved by Alber-
sheim and Anderson'®. The buffered extract was passed
through DEAE cellulose, Sephadex-gradient, Sephadex
concentrate, Bio Gel P100 and Bio Gel P150. The yield
was low and only 7% of the inhibitors could be recovered.
Use of affinity chromatography using covalently attached
Sepharose 4B with PG isolated from a pathogenic fungus
was found to efficiently purify bean PGIP to 2850-fold
and yield®” was up to 86%. Many workers still follow this
method because it is a single step purification method with
high yields, even though the preparation of covalently atta-
ched Sepharose 4B with PG is time-consuming and cum-
bersome. Recent attempts of purification using FPLC,
HPLC, IEF along with conventional methods of purification
are in the experimental stages. Combination of gel filtration
(FPLC system of Superdex 75 column), affinity chroma-
tography (Concanavalin A-Sepharose 4B column) and
ion exchange (cation exchange column), for purification
of PGIPs from Allium porrum yielded as many as 18 iso-
forms®®,

Properties of PGIP

PGIP is a glycoprotein with varying size. The smallest
PGIP reported was from peach, with molecular mass
15 kDa®, and the largest was isolated from pear with a
molecular mass of 91 kDa”. However, most of the identi-
fied PGIPs fall in the range of 34- to —54 kDa. The PGIPs
are relatively heat-stable up to 50°C and they slowly lose
their activity when heated'®*”** above 55°C. Protease in-
hibitors such as leupeptin (20 pg/ml), polymethyl sulphonyl
fluroide (2 mM) and pepstatin (50 uM) did not inhibit
PGIP of bean?’, while trypsin destroyed PGIP of peach®.
Kinetic studies have suggested that the inhibition caused
by these proteins is competitive’; PG-PGIP complex
dissociates at a pH lower than 4.5 and higher than 6 and
at a salt concentration above 500 mM Na-acetate®’. PGIPs
from different plant species are likely to differ in their in-
hibition kinetics and target-PG specificity (Table 1).

Specificity of PGIPs

PGIPs are specific inhibitors; they do not inhibit other
cell-wall degrading enzymes, and the per cent inhibition
of different fungal PGs differs. PGIP of pear inhibited
only PGs secreted by pathogenic fungi of pear and did

CURRENT SCIENCE, VOL. 87, NO. 9, 10 NOVEMBER 2004

not inhibit PGs of A. niger and F. oxysporum™. This sug-
gests that PGIPs can discriminate between PGs. The degree
of susceptibility of PGs to PGIPs depends on the mode of
action of the fungal PG. PGs exhibiting strictly endo mode of
cleavage are selectively inhibited only by certain PGIPs,
but those cleaving pectin in between the exo and the endo
modes and the exo-polygalacturonases are easily inhibited
by many PGIPs. PGs of C. lindemuthianum, Cochliobolus
sativus, Cryphonectria parasitica and A. niger exhibited
an intermediate substrate degradation and these exo/endo
PGs were inhibited greater than 90% by all the four
PGIPs. However, EPGs of A. niger and Fusarium monili-

Jorme were inhibited by PGIPs extracted from Pinto and

Blue Lake cultivars of bean, but not of tomato and pear.
EPG of Postia placenta was not inhibited by any of these
PGIPs*. In general, it appears that PGIPs from various
plants show inhibition of PGs from fungi to which the plant
was not exposed. This observation is strengthened by a
report that bean PGIP-2 interacts strongly with a PG of
maize pathogen, Stenocarpella maydis that causes epidem-
ics in USA®. PGIP isolated from Glycine max was found
to effectively inhibit PGs of soybean cyst nematode™.

PGIPs do not inhibit EPGs of plant origin. For example,
PGIP of Phaseolus vulgaris did not inhibit EPG of tomato
and exo-PG of pollens of water oak. However, it inhibited the
ex0-PG of corn pollen and sorghum®. Likewise, pear PGIP
inhibited Pencillium expansum, Botrytis cinerea and Dothio-
rella gregaria, while it did not inhibit PG of pear fruit™ .

Many plants possess more than one PGIP with differ-
ential abilities to inhibit different PGs of pathogens®.
Specificity of PG : PGIP is based on the existence of mul-
tiple molecular forms of PGIP in a single plant. In 4. por-
rum, more than 20 isoforms®® and in bean five isoforms
have been detected®. Expression of PGIPs in tissues of
plants is differential: PGIPs in tomato, apple, and rasp-
berry were predominately expressed in fruit tissues™ 7,
whereas in others such as bean it was expressed in vege-
tative parts®®*, PGIP is a constitutive protein; the amount
of PGIP gene transcripts varies at different stages of ma-
turity and at different distances from the diseased region.
In apple fruits, high level of PGIP gene was expressed in
the decayed area and in adjacent areas of the fruit inocu-
lated with Penicillium expansum and B. cinerea. However,
there was no apparent increase in PGIP in tissues away
from the decayed region, suggesting that the PGIP gene is
readily activated by fungal infection®.

Structural and molecular characteristics

PGIP belongs to the super family of leucine-rich repeat
(LRR) proteins. The motif is assigned for the specific
protein—protein recognition and interaction. PGIP is closely
related to the products of resistance genes (R-genes), Viz.
Cf-9 of tomato (contributing resistance to Cladosporium

ﬁl[l-'llﬂl)“ and Xa2l of rice (for bacterial blight resis-
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Table 1. Properties of polygalacturonase-inhibiting proteins
Percentage Tempera-
Plant source Pathogen inhibition Isoforms Mr (kDa) pl pH ture (°C) Reference
Lycopersicon esculentum — Fusarium oxysporum 100 2 34-41 9.0 36,52
(tomato) Aspergillus niger 100
Botrytis cinerea =75
Glycine max (soybean) S. sclerotiorum 3 37-40 8.21 32,53
A. niger
Heterodera glycines
(soybean cyst nematode)
Phaseolus vulgaris A. niger 93 5 45 9.5 4.5-6 60 8,27
(French bean) F. moniliforme 74
Colletotrichum lindemuthianum 68
Stenocarpella maydis 66-83
Pisum sativum (pea) Assochyta pisi =50 42 54
Gossypium hirsutum Verticillium dahliae =25 34 55
(cotton) A. niger =50
Castanea mollissima Cryphonectria parasitica 100 - - 60 9
(Chinese chestnut) C. lindemuthianum 100
Rhizopus sp. 0
Pyrus communis Penecillium expansum =50 2 91-44 6.6 21,29
(‘Barlett’ pear fuit) B. cinerea =50 7.7
Dothiorella gregaria =40
Pyrus domestica Molnilinia fructigena 98 80 20
(peach) M. laxa 99
Malus domestica (apple) M. fructigena 96 34 7.0 20, 40
M. laxa f.sp. mali 90
Nectria galligena 90
B. cinerea 98
Citrus sinensis (orange) Diplodia natalensis =80 54 3.6-8 60 57
Allium porrum (leek) F. moniliforme 0 20 39,42 5-7 - - 24,28
Sclerotium cepivorum 0
S. sclerotiorum =95
B. aclada =60
Triticum aestivum Cochliobolus sativus =80 40.3 26
(wheat) A. niger =5
F. moniliforme =5
C. lindimuthianum 0
Postia placenta 0
Ralstonia solanacearum 0
Citrus jambhiri Alternaria citri 58

(rough lemon)

tance)*?; not only structurally but also functionally. R-gene
products are thought to function as receptors for patho-
gen-encoded avirulence (Avr) proteins and it has been
hypothesized that sequence variation within LRRs influ-
ences recognition specificity. Comparison of members of
the Cf family has identified the -sheet/B-turn region as a
‘hypervariable’ region, probably reasonable for the ligand
specificity in this class of proteins®. This hypothesis is
confirmed by PG:PGIP ligand binding studies by Leckie
et al™. They studied PGIP-1 and PGIP-2 of P. vulgaris
with differential affinities towards PGs of F. moniliforme
and A. niger. Only eight amino acid variations were disti-
nguished between the two PGIPs and five of them were
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confined within the PB-sheet/B-turn (Figure 2). Change in
each single amino acid by site-directed mutagenesis de-
creased the binding nature and a change in Q253 of PGIP-2
(in B-sheet/B-turn) made a major reduction in binding ca-
pacity. Conversely, change in amino acid K253 of PGIP-
1 to Q253 increased its binding capacity dramatically.

The PGIP was crystallized and subjected to X-ray crys-
tallographic analysis in order to understand the role of LRR
motif in ligand recognition. It contains ten repeats of a
short (24 amino acid) LRR motif*®. PGIP of P. vulgaris
has three domains, the central LRR region and two cys-
teine-rich flanking domains®. PG-PGIP is the most widely
studied example of ligand and protein binding.

CURRENT SCIENCE, VOL. 87, NO. 9, 10 NOVEMBER 2004
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The fold of modelled PGIP-1. B-strands are shown in green and -helices in

red/yellow. Positions of the five amino acid distinguished between PGIP-1 and PGIP-2
that lie in the LRR domain are shown. Positions of Gly181 and Lys253 map to the heel
of their respective LRR motif preceding the [-strands*. Reproduced with permission

from Nature Publishing House, London.

Site-directed mutagenesis of PG of F. moniliforme at the
histidine residue 234 to lysine abolished enzyme activity,
but its binding with PGIP of P. vulgaris was not affected’’.
This indicates that the critical site for enzyme activity
and binding site for PGIP are different.

Transgenic plants

DNA sequences for more than 120 PGIPs have been de-
posited in Gene Bank (International DNA Sequence Da-
tabase). Monocots have little pectin composition in their
cell walls and therefore, many monocots do not possess
protein inhibitors against pathogen PGs. Since cereal crops
lack PGIP, insertion and expression of pgip gene will
make them disease-resistant. Studies on incorporation of
pgip gene from dicots into monocots have been initiated.
Maize Hi-IlI variety was transformed with pgip gene of
bean to confer resistance to Stenocarpella maydis®™. Most
of the pgip genes were isolated in connection with fungal
PG inhibition. Transgenic plants carrying pgip can be ex-
ploited to combat PGs of other pests like nematodes, in-
sects and soft-rot bacteria. The possibility of developing
transgenic citrus with pgip gene of grapefruit to confer
resistance to citrus root weevil is being studied®. Trans-
genic Vitis vinifera with inserted pgip gene of pear to
confer resistance to the bacterium Xylella fastidiosa is
under trial®®.

Transgenic tobacco and tomato plants expressing PGIP
from P. vulgaris grew much larger and more vigorously
than the wild type. Pectin from transgenic tomato exhibited
a higher degree of methylation and acetylation than those
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isolated from non-transformed plants®'. Tt is a well-establi-
shed fact that highly methylated pectins are not affected by
PGs.

1. de Vries, R. P. and Visser, J., Aspergillus enzymes involved in
degradation of plant cell wall polysaccharides. Microbiol. Mol.
Biol. Rev., 2001, 65, 497-522.

Copper, R. M. and Wood, R. K. S., Regulation of synthesis of cell

wall degrading enzymes by Verticillium albo-atrum and Fusarium

oxysporum f. sp. Iycopersici. Physiol. Plant Pathol., 1975, 5, 135~

156.

3. Bateman, D. F. and Basham, H. G., Degradation of plant cell walls
and membranes by microbial enzymes. In Encyclopedia of Plant
Physiology (eds Heitefuss, R. and Williams, P. H.), Springer-
Verlag, New York, 1976, pp. 316-355.

4. Issiki, A., Akimitsu, K., Yamamoto, M. and Yamamoto, H., Endo-
polygalacturonase is essential for citrus black rot caused by Alter-
naria citri but not brown rot spot caused by Alternaria alternata.
Mol. Plant—Microb. Interact., 2001, 14, 749-757.

5. Huang, Q. and Allen, C., Polygalacturonases are required for rapid
colonization and full virulence of Ralstonia solanacearum on to-
mato plants. Physiol. Mol. Plant Pathol., 2000, 57, 77-83.

6. Bergmann, C., Sheng-Cheng, W. and Albersheim, P., Plant cell
walls. www. cere.uga.eduw/~mao/plapath/PPtext.htm.

7. Cervone, F., De Lorenzo, G., Degra, L. and Salvi, G., Elicitation
of necrosis in Vigna unguiculata Walps Aspergillus niger endo-
polygalacturonase and «-D-galacturonate oligomers. Plant Phy-
siol., 1987, 85, 626-630.

8. Berger, D. K., Oelofse, D., Arendse, M. S., Du Plessis, E. and
Dubery, L. A., Bean polygalacturonase-inhibiting protein-1 (PGIPs-1)
inhibits polygalacturonases from Stenocarpella maydis. Physiol.
Mol. Plant Pathol., 2000, 57, 5-14.

9. Gao, S. and Shain, L., Activity of polygalacturonase produced by
Cryphonectria parasitica in chestnut bark and its inhibition by ex-
tracts from American and Chinese chestnut. Physiol. Mol. Plant
Pathol., 1995, 46, 199-213.

IS4

1215



REVIEW ARTICLES

10.

11.

3]
S

25.

Robertsen, B., Elicitors of the production of lignin-like com-
pounds in cucumber hypocotyls. Physiol. Mol. Plant Pathol., 1986,
28, 137-148.

Bruce, R. J. and West, C. A., Elicitation of casbene synthetase ac-
tivity in castor bean. Plant Physiol., 1982, 69, 1181-1188.

. Roby, D., Toppan, A, and Esurrre-Tugaye, M. T., Cell surfaces in

plant-microorganism interactions V. Elicitors of fungal and of
plant origin trigger the synthesis of ethylene and of cell wall hy-
droxyproline-rich glycoprotein in plants. Plant Physiol., 1985, 77,
700-704.

. Roco, A., Castaneda, P. and Perez, L. M., Oligosaccharides relea-

sed by pectinase treatment of Citrus limon seedlings are elicitors
of the plant response. Phytochemistry, 1993, 33, 1301-1306.

. Branca, C., DeLorenzo, G. and Cervone, F., Competitive inhibition

of the auxin-induced elongation by «-D-oligogalacturonoides in
pea stem segments. Physiol. Plant., 1988, 72, 499-504.

. Walton, J. D., Deconstructing the cell wall. Plant Physiol., 1994,

104, 1113-1118.

. Albersheim, P. and Anderson, A. J., Proteins from plant cell walls

inhibit polygalacturonases secreted by plant pathogens. Proc. Natl.
Acad. Sci. US4, 1971, 68, 1815-1819.

. Patil, S. S. and Dimond, A. E., Inhibition of Verticillium polygala-

cturonase by oxidation products of polyphenols. Phytopathology,
1967, 57, 492-496.

. Glazener, A. J., Accumulation of phenolic compounds in cells and

formation of lignin-like polymers in cell walls of young tomato
fruits after inoculation with Botrytis cinerea. Physiol. Plant Pathol.,
1982, 20, 11-25.

. Fisher, M. L., Anderson, A. J. and Albersheim, P., Host—pathogen

interactions-VI. A single protein efficiently inhibits endopolyga-
lacturonases secreted by Colletotrichum lindemuthianum and
Aspergillus niger. Plant Physiol., 1973, 51, 489-491.

. Fielding, A. H., Natural inhibitors of fungal polygalacturonases in

infected fruit tissues. J. Gen. Microbiol., 1981, 123, 377-381.

. Abu-Goukh, A. A., Strand, L. L. and Labavitch, J. M., Develop-

ment-related changes in decay susceptibility and polygalacturo-
nase inhibitor content of ‘Bartlett’ pear fruit. Physiol. Plant Pathol.,
1983, 23, 101-109.

. Gomathi, V., Rajathilagam, R. and Kannabiran, B., In-vitro and

in-vivo inhibition of pectinolytic enzymes in Colletotrichum cap-
sici by plant extracts. National Symposium on Eco-friendly Ap-
proaches for Plant Disease Management, Chennai, 22-24 January
2001.

. Gomathi, V., Studies on the antifungal effects of plant extracts on

Colletotrichum spp. infecting Capsicum annum 1. PhD thesis,
Pondicherry University, April 2001.

. Favaron, F., Castiglioni, C., D’Ovidio, R. and Alghisi, P., Polyga-

lacturonase-inhibiting proteins from Allium porrum L. and their
role in plant tissue against fungal endopolygalacturonases. Mol.
Plant-Microb. Interact., 1997, 50, 403-417.

Lin Xiaorong, Bai Xuefang and Du Yiguang, Two indicators of
wheat’s defense responses are purified by affinity column chroma-
tography and TLC. www. Chip-bioanalysis.com.

. Kemp, G., Bergmann, C. W., Clay, R., Van der Westhuizen, A. J.

and Pretorius, Z. A., Isolation of polygalacturonase—inhibiting
protein (PGIP) from wheat. Mol. Plant-Microb. Interact., 2003,
16, 955-961.

. Cervone, F., De Lorenzo, G., Degra, L., Salvi, G. and Bergami,

M., Purification and characterization of polygalacturonase-inhibi-
ting protein from Phaseolus vulgaris L. Plant Physiol., 1987, 85,
631-637.

. Favaron, F., Gel detection of Allium porrum polygalacturonase-

inhibiting protein reveals a high number of isoforms. Physiol. Mol.
Plant Pathol., 2001, 58, 239-245.

. Abu-Goukh, A. A., Greve, L. C. and Labavitch, J. M., Purification

and partial characterization of ‘Bartlett’ pear fruit, polygalacturo-
nase inhibitors. Physiol. Plant Pathol., 1983,23,111-122.

1216

30.

31.

33.

34

35.

36.

37.

38.

39.

40.

41.

43.

44,

45.

46.

Abu-Goukh, A. A. and Labavitch, J. M., The in-vivo role of ‘Bart-
lett” pear fruit, polygalacturonase inhibitors. Physiol. Plant Pathol.,
1983,23,123-135.

Cook, B. J., Clay, R. P., Bergmann, C. W., Albersheim, P. and
Darvill, A. G., Fungal polygalacturonases exhibit different sub-
strate degradation patterns and differ in their susceptibilities to po-
lygalacturonase-inhibiting proteins. Mol. Plant-Microb. Interact.,
1999, 12, 703-711.

. Mahalingam, R., Wang, G. and Knap, K. H., Polygalacturonase

and polygalacturonase inhibitor protein: Gene isolation and tran-
scription in Glycine max—Heterodera glycines interactions. Mol.
Plant-Microb. Interact., 1999, 12, 490-498.

Cervone, F., De Lorenzo, G., Presey, R., Darvil, A. G. and Alber-
sheim, P., Can Phaseolus PGIP inhibit pectic enzymes from mi-
crobes and plants? Phytochemistry, 1990, 29, 447-449.

Desiderio, A. et al., Polygalacturonase-inhibiting proteins (PGIPs)
with different specificities are expressed in Phaseolus vulgaris.
Mol. Plant-Microb. Interact., 1997, 10, 852-860.

Johnston, D. J., Ramanathan, V. and Williamson, B., A protein
from immature raspberry fruits which inhibits endopolygalacturo-
nases from Botrytis cinereai and other microorganisms. J. Exp.
Bot., 1993, 44, 971-976.

Stotz, H. U., Contos, J. J., Powell, L. A., Bennett, A. B. and Laba-
vitch, J. M., Structure and expression of an inhibitor of fungal poly-
galacturonases from tomato. Plant Mol. Biol., 1994, 25, 607-617.
Yao, C., Conway, S. W., Ren, R., Smith, D., Ross, S. G. and
Sams, E. C., Gene encoding polygalacturonase inhibitor in apple
fruit is developmentally regulated and activated by wounding and
fungal infection. Plant Mol. Biol., 1999, 39, 1231-1241.

Devoto, A., Leckie, F., Lupotto, E., Cervone, F. and De Lorenzo,
G., The promotor of a gene encoding a polygalacturonase-
inhibiting protein of Phaseolus vulgaris L. is activated by wound-
ing but not by elicitors or pathogen infection. Planta, 1998, 205,
165-174.

Salvi, G., Giarrizzo, F., De Lorenzo, G. and Cervone, F., A poly-
galacturonase-inhibiting protein in Phaseolus vulgaris L. Plant
Physiol., 1990, 136, 513-518.

Conway, W. S., Yao, C., Ross, G. S. and Sams, C. E., Apple poly-
galacturonase-inhibiting protein ¢cDNA cloning and transcription.
Proceedings of 7th International Congress of Plant Pathology, Ed-
inburgh, Scotland, 16 August 1998.

Jones, D. A., Thomas, C. M., Hammond-Kosack, K. E., Balint-
Kurti, P. J. and Jones, J. D., Isolation of the tomato Cf-9 gene for
resistance to Cladosporium fulvum by transposon tagging. Science,
1994, 266, 789-793.

. Wang, G. L., Song, W. Y., Ruan, D. L., Sideris, S. and Ronald, P.

C., The cloned gene, Xa21, confers resistance to multiple Xantho-
monas oryzae pv. oryzae isolates in transgenic plants. Mol. Plant—
Microb. Interact., 1996, 9, 850-855.

Parniske, M. et al., Novel disease resistance specificities result
from sequence exchange between tandemly repeated genes at the
Cf-4/9 locus of tomato. Cell, 1997, 91, 821-832.

Leckie, F. er al., The specificity of polygalacturonase-inhibiting
protein (PGIP); a single amino acid substitution in the solvent-
exposed beta-strand/beta-turn region of the leucine-rich repeats
(LRRs) confers a new recognition capability. EMBO J., 1999, 18,
2352-2363.

Leech, A., Mattei, B., Federici, L., De Lorenzo, G. and Hem-
mings, A. M., Preliminary X-ray crystallographic analysis of plant
defence protein, the polygalacturonase-inhibiting protein from
Phaseolus vulgaris. Acta Crystallogr. D, Biol. Crystallogr., 2000,
56, 98-100.

Mattei, B., Bernalda, M. S., Federici, L., Roepstorff, P., Cervone,
F. and Boffi, A., Secondary structure and post-translational modi-
fications of the leucine-rich repeat protein PGIP (polygalacturo-
nase-inhibiting protein) from Phaseolus vulgaris. Biochemistry,
2001, 40, 569-576.

CURRENT SCIENCE, VOL. 87, NO. 9, 10 NOVEMBER 2004



REVIEW ARTICLES

47.

48.

49.

50.

51

Capari, C., Mattei, B., Basile, M. L., Salvi, G., Crescenzi, V., De
Lorenzo, G. and Cervone, F., Mutagenesis of endopolygalacturo-
nase from Fusarium moniliforme: Histidine residue 234 is critical
for enzyme and macerating activities and not for binding to poly-
galacturonase-inhibiting protein (PGIP). Mol. Plant-Microb. In-
teract., 1996, 9, 617-624.

Berger, D., Crop genetic engineering for disease resistance — an
African perspective. International Center of Genetic Engineering
and Biotechnology China Workshop on Plant Biotechnology Bei-
jing, 19-22 May 1999.

Mayer, R. T., Pest control through the use of natural plant pro-
teins. www.ars.usda.gov/is/AR.archive/may98/

Aguero, B. C., Dandekar, M. A. and Meredith, P. C., Transgenic
plants of Vitis vinifera L. cvs. Thompson seedless and chardonnay
expressing the pear PGIP gene. Plant and Animal Genome Con-
ference X, San Diego, USA, 12-16 January 2002.

Cervone, F., Plant extracellular matrix and development: targeting
pectins. Giovanni Armenise-Harvard Foundation Third Annual
Symposium. Italy, 28 June-1 July 1999.

. Di Pietro, A. and Roncero, G. L, Endopolygalacturonase from

Fusarium oxysporum f. sp. lycopersici: purification, characteriza-
tion, and production during infection of tomato plants. Phytopa-
thology, 1996, 86, 1324-1330.

. Favaron, F., D’Ovidio, R., Porceddu, E. and Alghisi, P., Purifica-

tion and molecular characterization of a soybean polygalacturo-
nase-inhibiting protein. Planta, 1994, 195, 80-87.

54.

55.

57.

58.

Hoffman, R. M. and Tumer, J. G., Partial purification of proteins
from pea leaflets that inhibit Ascochyta pisi endopolygalacturo-
nase. Physiol. Plant Pathol., 1982, 20, 173-187.

James, T. J. and Dubery, I. A., Inhibition of polygalacturonase
from Verticillium dahliae by a polygalacturonase inhibiting pro-
tein from cotton. Phytochemistry, 2001, 57, 149-156.

. Stotz, H. U,, Powell, A. L. T., Damon, S. E., Greve, L. C., Bennett,

B. A. and Labavitch, J. M., Molecular characterization of a poly-
galacturonase inhibitor from Pyrus communis L. cv. Bartlett. Plant
Physiol., 1993,102, 133-138.

Barmore, C. and Nguyen, T. K., Polygalacturonase inhibition in
rind of Valencia orange infected with Diplodia natalensis. Phyto-
pathology, 1985, 75, 446-449.

Gotoh, Y., Nalumpang, S., Isshiki, A., Utsumi, T., Gomi, K., Ya-
mamoto, H. and Akimitsu, K., A ¢cDNA encoding polygalacturo-
nase inhibiting protein induced in citrus leaves by polygalacturo-
nase of Alternaria citri. J. Gen. Plant Pathol., 2002, 68, 57-61.

ACKNOWLEDGEMENTS. V.G. thanks CSIR, New Delhi for the
award of Research Associateship. We thank the Director, CAS in Bot-
any, University of Madras for providing research facilities.

Received 23 February 2004; revised accepted 31 July 2004

CURRENT SCIENCE, VOL. 87, NO. 9, 10 NOVEMBER 2004

1217



