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Preface

Since the discovery of pathogenesis-related (PR) proteins nearly 30 years ago in
tobacco plants reacting hypersensitively to infection by tobacco mosaic virus, a great
deal of research has focused on the isolation, characterization, and regulation of
expression of this unique class of defense proteins in a variety of plants including
rice. The studies on PR and PR-like proteins have literally ballooned in the past 10
years. The major impetus for the acute interest in this area has come from the
realization that several of the PR proteins had antimicrobial or insecticidal activity
which could be demonstrated in the laboratory. While the early studies on transgenic
plants in which PR proteins were over-expressed represented a mixed bag of positive
and negative results, more recent studies have led to the understanding that PR
proteins, especially in combinations, can delay the progression of diseases caused
by several pathogens belonging to diverse genera. Although there can be some
selectivity in the interaction between a PR protein and its intended target pathogen,
the notion that PR proteins represent generalized plant defense responses for broad-
range, albeit incomplete, protection against a range of pathogens is gaining ground.
Indeed, many groups are developing transgenic plants with multigenic resistance
based on combinations of PR proteins and other antimicrobial or insecticidal pro-
teins. In fact, we are at the threshold of a very exciting period where constitutive
(or inducible) expression of PR proteins at effective levels could be used as a tool
to enhance or stabilize yield in areas where pathogens and pests are endemic. For
this reason we felt that it was timely to write a book devoted entirely to PR proteins
in plants which would serve as a textbook for students and researchers and also as
a convenient reference source for investigators in this field.

Along with the practical aspects of employing PR proteins for plant protection,
basic studies have led to some very useful insights into the mode of action of at
least some PR proteins. In addition to a possible role as the first or last line of
defense against pathogens and pests, PR-like proteins which are expressed in appar-
ently healthy tissues during normal plant growth, such as seed development and
flowering, may have additional unsuspected roles in morphogenesis or in symbiosis.
Some of these aspects are also dealt with in various chapters in this book.

A few words about the content and organization of the chapters are in order.
The first chapter by Dr. van Loon describes the distribution and classification of PR
proteins, which has eliminated a great deal of confusion and brought some order to
the nomenclature of PR proteins. A general summary of the known and potential
role of PR proteins is also presented in this chapter. Chapters 2 through 7 deal with
individual PR proteins belonging to PR-1 to PR-11 with the exception of class 10.
We apologize for our inability to recruit someone to write about this important class
of PR proteins. However, in our opinion, this deficiency is more than compensated
by the inclusion of several chapters (10 through 12) dealing with other plant defense
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proteins including thionins, defensins, ribosome-inactivating proteins, and plant cell
wall hydroxyproline-rich glycoproteins. Chapter 9, by Dr. Jian-Min Zhou, deals with
signal transduction mechanisms in PR protein synthesis and provides several useful
insights into resistance mechanisms and plant defense responses. Finally, Chapter
13, by Dr. Karabi Datta et al., summarizes work in which PR-proteins have been
utilized to enhance plant resistance to diseases and insects.

We have had our ups and downs in bringing out this volume. Throughout this
endeavor, we have received enthusiastic support from our contributors. Without their
patience and willingness to put up with some unexpected delays, this volume would
not have been feasible. We are very fortunate to have received contributions from
so many pioneers who have continued to be at the cutting edge of research in this
field. They have done an outstanding job in presenting the data in a readable and
thoughtful manner. We are confident you will find this book a pleasure to read. Our
grateful thanks go to all the authors.

Our thanks go also to John Sulzycki of CRC Press, who decided to publish this
book on short notice after our original publisher could not fulfil their agreement.
We believe that this might turn out to be a fortunate outcome because we can expect
a more widespread circulation of this book by CRC Press. Our special thanks to
Lina Torrizo, Michelle Viray, and Dr. Karabi Datta at the International Rice Research
Institute who helped assemble, revise, and reformat the manuscripts.

Swapan K. Datta
Subbaratnam Muthukrishnan
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’I Occurrence and
Properties of Plant
Pathogenesis-Related
Proteins

Leendert Cornelis van Loon

CONTENTS

1.1 Pathogenesis-Related Proteins Are Plant Proteins Induced in Pathological
or Related Situations

1.2 Occurrence and Properties of PRs and PR-Like Proteins

1.3 Possible Functions of PRs

References

1.1 PATHOGENESIS-RELATED PROTEINS ARE PLANT
PROTEINS INDUCED IN PATHOLOGICAL OR
RELATED SITUATIONS

Pathogenesis-related proteins were first observed as new protein components induced
by tobacco mosaic virus (TMV) in hypersensitively reacting tobacco.!? This discov-
ery was a direct consequence of the introduction of polyacrylamide gel electrophore-
sis, which allowed complex mixtures of proteins to be separated with unprecedented
resolution on the basis of their combination of size and charge.’* Soluble protein
extracts from tobacco (Nicotiana tabacum) leaves were resolved into over 30 bands,
with additional separation being obtained by varying the concentration of acrylamide
in the gel.’ In extracts from TMV-diseased leaves, one new band consisting of free
viral coat protein oligomers was identified, but no additional qualitative changes
were apparent."¢ In contrast, development of necrotic local lesions in N-gene-con-
taining tobacco cultivars in response to TMV infection was associated with the
appearance of at least four new bands, designated as new protein components I, II,
III, and IV in order of increasing electrophoretic mobility,! or b;, b,, b;, and b, in
order of decreasing mobility.? Figure 1.1 illustrates the original observation, depict-
ing densitometer tracings of the protein patterns of leaves from healthy and infected
plants, as first described by Van Loon and Van Kammen.' In the subsequent paper
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FIGURE 1.1 The first representation of pathogenesis-related proteins: densitometer tracings
of electrophoretic patterns of leaf extracts from (a) water-inoculated and (b) 7-day TMV-
infected Samsun NN tobacco, as described by Van Loon and Van Kammen.! The peaks denoted
IV, III, 11, and I correspond to PR-1a, -1b, -1c, and -2a, respectively.

by Gianinazzi et al.? the presence of additional b-proteins (bs—bg) was inferred, but
those remained essentially unstudied for over a decade.

The same proteins were induced in tobacco by different viruses, whereas a
different protein appeared upon TMV infection in N. glutinosa,'’® indicating that
these new proteins were host specific. Substantial amounts accumulated in host—virus
combinations giving rise to a hypersensitive reaction resulting in local necrotic
lesions or to systemic necrosis, whereas none or only small amounts were induced
under conditions where plants reacted with chlorotic or mosaic-type symptoms.3?
Thus, it was demonstrated that changes were connected with the type of symptoms
produced, rather than with the genetic constitution of the host plant.’

Because these new protein components were found in small amounts in senesc-
ing leaves of flowering plants'® and in progressively larger quantities when necrosis
was more severe, it was assumed by many that these polypeptides were stable
proteolytic breakdown products of larger leaf proteins. According to this hypothesis,
their accumulations of up to 1% each of the soluble protein present would have
required degradation of one or more abundant leaf proteins. The main leaf protein,
ribulosebisphosphate carboxylase (Rubisco), which makes up about 50% of the
protein in photosynthetically active tissues, decreased substantially in mosaic-dis-
eased leaves, but none of the new protein components appeared under those condi-
tions.! In necrotizing tissues, Rubisco hardly decreased, if at all. Moreover, when
purification of the proteins allowed their amino acid composition to be determined,
components IV, III, and II (b,, b,, b;) were shown to have similar molecular weights
and amino acid compositions, the latter differing from that of Rubisco in being
particularly rich in acidic amino acids and tyrosine.!" Component I (b,) clearly
differed from the other three proteins. This suggested that IV, III, and II constituted
a protein family with structural, and possibly functional, relationships, whereas
component I represented a different type of protein.
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TABLE 1.1
Plant Species in Which Pathogenesis-Related Proteins Have Been Identified

Family Species

Amaranthaceae Gomphrena globosa
Chenopodiaceae ~ Chenopodium amaranticolor, C. quinoa, sugar beet

Compositae Gynura aurantiaca, sunflower

Cruciferae Arabidopsis thaliana, Brassica nigra, oilseed rape, radish

Cucurbitaceae Cucumber

Gramineae Barley, maize, oats, rice, wheat

Malvaceae Cotton

Papilionaceae Alfalfa, asparagus bean, bean, chickpea, cowpea, groundnut, lima bean, Lablab
purpureus, pea, soybean, white lupin

Pinaceae Picea abies

Rutaceae Citron, Citrus sinensis

Solanaceae Pepper, petunia, potato, Solanum demissum, S. dulcamara, tobacco, Nicotiana

debneyi, N. glutinosa, N. langsdorfii, N. plumbaginifolia, N. rustica, N. sylvestris,
N. tomentosiformis, tomato

Umbelliferae Celery, parsley

Vitaceae Grapevine

Recognition of the accumulation of the newly induced proteins in hypersensi-
tively reacting tobacco prompted research into the more general occurrence of such
proteins, their biochemical properties, induction mechanism, genetic diversity, and
functional significance in infected plants. Aided by selective extraction methods,!>
15 it was established soon that not only viruses, but also fungi and bacteria were
able to induce similar new protein components in various plant species, particularly
in incompatible combinations resulting in hypersensitive necrosis (Table 1.1).16
Although referred to by different names and symbols, these proteins resembled each
other in that they apparently consisted of one or more families of host-coded
proteins, were induced by different types of pathogens and abiotic stresses, and
were most often of relatively low molecular weight, preferentially extracted at low
pH, highly resistant to proteolytic degradation, and localized predominantly in the
intercellular space of the leaf.'®!” In order to unify the naming of these proteins, to
describe the full set of novel proteins in the reaction of a plant to a pathogen, and
to facilitate their study and explore their role in pathology and host defense, the
term pathogenesis-related proteins (abbreviated: PRs) was introduced in 1980 to
designate “proteins coded for by the host plant but induced only in pathological or
related situations.”!!

According to this definition, any host protein induced by any type of infectious
agent or comparable condition would qualify as a PR. Hence, the term pathological
situations 1is taken to refer to all types of infected states, not just to resistant,
hypersensitive responses in which PRs are most common; they also include parasitic
attack by nematodes, phytophagous insects, and herbivores. Historically, abiotic
pathological conditions have not been considered, but noninfectious (“physiologi-
cal”) types of necrosis or toxin-induced chlorosis and necrosis have been found to
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induce PRs and, thus, can be categorized either as a pathological or as a related
situation. Although the term pathogenesis-related proteins by itself may give the
impression that (all) proteins common to pathological processes in a given plant
species can be considered PRs, proteins that are constitutively present in low, yet
readily detectable amounts, but which are increased substantially by pathogen infec-
tion, such as oxidative and hydrolytic enzymes or general enzymes of aromatic
biosynthesis, have been excluded. However, if specific isoforms of such enzymes
do not normally occur but are induced as a result of infection, such isoenzymes do
belong to the PRs. The major criterion for inclusion among the PRs is that the protein
concerned is newly expressed upon infection, although not necessarily in all patho-
logical conditions. These considerations imply that the characteristics of the induc-
tion of PRs take priority over other identifying characteristics, such as chemical
properties and cellular localization.'8

Proteins that are induced exclusively during disease development in compatible
host—pathogen combinations have hardly been considered as PRs. Rather, the “clas-
sical” PRs are a collective set of novel proteins associated with host defense mainly
in incompatible interactions and, thus, are related primarily to a special type of
pathogenesis, i.e., one culminating in the impediment of further pathogen progress.
In compatible host—pathogen interactions, pathogenesis, symptom expression, and
reduction of growth are generally more severe, and enzyme activities may be
increased to high levels, but novel host proteins have been observed only occasionally
and remain poorly characterized. Proteins expressed under such conditions seem to
be rather specific, being induced under the influence of particular pathogens but not
others. This situation contrasts with the massive, apparently coordinated, induction
of a common set of PRs in virtually any incompatible interaction, which in some
cases can amount to 10% of the total soluble protein of the leaf. For this reason,
PRs have been implicated in the resistance response and, more specifically, in the
acquired resistance that is induced accompanying necrotic lesion formation in var-
ious plant species. When plants are locally infected with a pathogen inducing
hypersensitive necrosis, they acquire systemically enhanced resistance to subsequent
infection by various types of pathogens, and this systemic acquired resistance (SAR)
is associated with the induction of PRs in tissues distant from the original inoculation
site.!”81% Such observations suggested that PRs are defense proteins functioning in
limiting pathogen multiplication and/or spread. Among the many metabolic alter-
ations characteristic of a hypersensitive response, induction of PRs is a relatively
late event,'* and their contribution to resistance against the initial infection is likely
to be limited. In contrast, PRs induced in noninfected, distant leaves as a result of
primary infection might afford an enhanced level of protection, resulting in reduced
size or number of lesions, or even in reduced systemic symptom severity, upon
further infection.

The “related situations” in which PRs were found to be induced, seem to prove
the point: application of chemicals that mimic the effect of pathogen infection or
induce some aspects of the host response, as well as wound responses that give rise
to proteins that are also induced during infections, can induce both PRs and acquired
resistance. This is the case for salicylic acid,?’?! for example, which has since been
shown to be an essential intermediate in the signal—transduction pathway leading to
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the induction of PRs in tobacco.???* Similarly, wound-induced proteinase inhibitors
in tomato and potato®* inevitably accompany infections resulting in tissue damage.
Hybrids of N. glutinosa and N. debneyi express a PR constitutively and are excep-
tionally resistant to virus infection.?

1.2  OCCURRENCE AND PROPERTIES OF PRs AND
PR-LIKE PROTEINS

On the basis of similarities in molecular weights, amino acid composition, and
serological properties, and confirmed by nucleotide sequencing of corresponding
cDNAs, the 10 major acidic PRs of tobacco were grouped into five families, desig-
nated PR-1 to -5.267 This classification has set a convenient standard for other plant
species, in which PRs with properties homologous to the tobacco PRs are now
similarly designated by these family numbers. To accommodate further classes of
PRs with different properties, additional families were adopted. In 1994 a unifying
nomenclature was proposed based on the grouping of PRs into plant-wide families
sharing amino acid sequences, serological relationship, and/or enzymatic or biolog-
ical activity. Eleven families have been recognized (Table 1.2) and classified for
tobacco and tomato.?® The current nomenclature of the PRs serves as an example
that is being extended to other plant species, e.g., Arabidopsis, barley, bean, cucum-
ber, and maize. The families are numbered and the different members within each
family are assigned letters according to the order in which they are described. Thus,
the same designation for a PR in different plant species does not necessarily imply
that they are the same protein. They must belong to the same PR-family (number),
but the lettering only reflects how many proteins of that family had been identified
within those plant species previous to their discovery.

PR-genes are designated as ypr (Table 1.2), followed by the same suffix, in
accordance with the recommendations of the Commission for Plant Gene Nomen-
clature. Because PRs are generally defined by their occurrence as protein bands on

TABLE 1.2
Recognized Families of Pathogenesis-Related Proteins

Family  Type member Properties Gene symbols
PR-1 Tobacco PR-1a Unknown yprl

PR-2 Tobacco PR-2 B-1,3-glucanase ypr2, [gns2]
PR-3 Tobacco P, Q Chitinase type I, IL, IV, V, VI, VII  ypr3, chia
PR-4 Tobacco R Chitinase type I, II ypr4, chid
PR-5 Tobacco S Thaumatin-like yprs

PR-6 Tomato inhibitor I Proteinase-inhibitor ypro, pis (‘pin’)
PR-7 Tomato Py, Endoproteinase ypr7

PR-8 Cucumber chitinase Chitinase type III ypr8, chib
PR-9 Tobacco “lignin-forming peroxidase”  Peroxidase ypr9

PR-10 Parsley “PR1” “Ribonuclease-like” ypri0

PR-11 Tobacco class V chitinase Chitinase, type I yprll, chic
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gels and classified within each family in the order in which new members are
described, cDNA or genomic sequences without information on the corresponding
protein cannot be fitted into the adopted nomenclature. Conversely, homologies at
the cDNA or genomic level may be encountered without information on the expres-
sion or characteristics of the encoded protein. Thus, for naming, it is necessary to
gather information at both the nucleic acid and the protein level when dealing with
a stress-related protein falling within the definition of PRs. A type member has been
defined within each PR-family (Table 1.2) the nucleotide sequence of the mRNA of
which can be used in the search for homologs in the same or in different plant
species. Newly defined mRNAs (cDNAs) may be added to the existing families
when shown to be induced by pathogens or specific elicitors. Thionins* and
defensins,® both families of small, basic, cysteine-rich polypeptides, qualify for
inclusion as new families of PRs.

Coordinate expression of PR-mRNAs in response to infection may also involve
other, similarly inducible, mRNAs, the corresponding proteins of which have not
(yet) been observed. For example, an mRNA of about 650 nucleotides was induced
in hypersensitively reacting tobacco and deduced to code for a glycine-rich protein.*!
The protein could not be detected, however, and was assumed to become incorpo-
rated into cell walls. If identified, it would have been classified along with the other
PR-families, but because information on the protein itself is lacking, it cannot be:
induction of the mRNA only is not sufficient for inclusion.

Demonstration that the PR-2 family are B-1,3-endoglucanases®? and the PR-3, -
4, -8, and -11 families consist of chitinases with (PR-8) or without lysozyme activ-
ity,3-3 immediately suggested that these PRs are directed against cell walls of fungi
and bacteria. Homology of the thaumatin-like proteins of the PR-5 family with a
bifunctional a-amylase/trypsin inhibitor from maize seeds’’ seemed consistent with
a role in protection against phytophagous insects. However, no proteinase-inhibitor
activity has been demonstrated for PR-5 proteins. Resistance to insect attack is taken
to be conferred primarily by wound-inducible proteinase inhibitors, which have now
been grouped into the family PR-6.28 Because acquired resistance is active against
all types of pathogens, it seemed logical to assume that one or more of the further
PR-families might be involved in resistance to viruses and viroids.

Localization of the major, acidic PRs in the intercellular space of the leaf seems
to guarantee contact with invading fungi or bacteria before these are able to penetrate.
However, in spite of numerous investigations involving injection of plants with
purified proteins, in vitro tests for inhibition of pathogen growth, or in vivo infection
of transgenic plants, few of the inducible acidic PRs associated with SAR have been
shown to possess significant anti-pathogenic activity.’®* Based on these observa-
tions, their functioning as general defense proteins now appears less likely. In
contrast, hypersensitive resistance to viruses is a cellular phenomenon,'# acting not
at the level of virus entry but limiting viral multiplication in the cytoplasm, and viral
spread through symplastic connections. It is difficult to see how extracellular proteins
might selectively influence intracellular viral replication and transport. It could be
that PRs make cells less conducive, but any such evidence is entirely lacking. Van
Loon and Antoniw?! observed an association between the presence of PRs and
decreased TMV multiplication and spread in inoculated leaves of Samsun tobacco,
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which reacts to the virus with systemic mosaic symptoms. However, under other
conditions, the presence of PRs did not reduce viral multiplication or impede sys-
temic spreading.**-*> Moreover, in tobacco, synthesis of PRs is initiated only after
resistance reactions have become operative. There is no quantitative relationship
between the amount of PR-1 proteins, for example, and resistance in primarily
inoculated leaves, and systemic acquired resistance appears to develop well before
significant amounts of PRs are detectable in distant leaves.** Also, transformed
tobacco plants constitutively expressing PR-1 or PR-5 were not more resistant to
TMYV than untransformed controls,* and neither were they resistant to the leaf-eating
insects Spodoptera exigua and Heliotis virescens.* Reports that members of the PR-
2 and PR-5 family have antiviral activity*S have not been substantiated. On the
contrary, callose deposited in reaction to virus infection and acting as a physical
barrier to virus spread is a substrate for B-1,3-glucanase, and induction of PR-2
might reduce callose accumulation and promote virus replication and spread.*’

In tomatoes infected with the fungus Cladosporium fulvum, the major PR-1
protein accumulates early in incompatible combinations, but induction also occurs
in compatible interactions. Although in the latter case the protein appears later and
is synthesized more slowly, it may eventually reach levels even higher than in the
incompatible situation.*® Similar observations were made repeatedly by other work-
ers and strongly suggest that PRs do not determine the resistance response, and at
most have only an accessory role. Recently, a rhizobacterially mediated induced
systemic resistance phenotypically similar to SAR was demonstrated in radish and
Arabidopsis that was not accompanied by an accumulation of PRs.#>° Thus, induc-
ible PRs are not required for the enhanced defensive capacity characteristic of the
state of induced resistance.*

PRs of the families -7 to -11 have been less extensively studied. Whereas
chitinase families PR-3 and -4 correspond to the chia and chid gene families, PR-
8 and -11 have now been equated with chib and chic, respectively (Table 1.2). The
PR-7 endoproteinase is a major pathogen-inducible protein in tomatoes.’! Specific
peroxidase isoenzymes recognized as PRs in tobacco,” that are identical to or
homologous with a lignin-forming peroxidase, have been classified as PR-9. The
parsley “PR-1” protein3 was taken as the type member of the PR-10 family. This
protein turned out to belong to an extensive family of intracellular defense-related
proteins with structural homology to ribonucleases.>* The latter finding suggested
that PR-10 proteins might be the long-sought inhibitor associated with SAR against
viruses. Although some PR-10 type proteins are enzymatically active, the parsley
protein did not display RNase activity and no PR-10-like homologs were detectable
in tobacco with SAR induced by TMV.

Elucidation of the biochemical properties of the major, pathogen-inducible PRs
of tobacco and subsequent cloning of their cDNAs and/or genes revealed that proteins
with substantial similarity to the classical PRs can be present in healthy plants. The
term PR-like proteins was proposed to accommodate proteins homologous to PRs
as deduced from their amino acid sequence or on the basis of the nucleotide sequence
of their corresponding cDNA or gene, but induced principally in a developmentally
controlled, tissue-specific manner.'® In contrast to the classical PRs, which are mostly
acidic and extracellular proteins, the homologous counterparts are mostly basic and

© 1999 by CRC Press LLC



TABLE 1.3
Developmentally Regulated Induction of Pathogenesis-
Related Proteins in Tobacco

PR Organs References

Acidic PR-1 Sepals Lotan et al., 19897
Senescing leaves Fraser, 198110

Basic PR-1 Roots, flowers Memelink et al., 1990

Acidic PR-2 Pistil Lotan et al., 198957
Sepals Coté et al., 19914

Basic PR-2 Roots, maturing leaves Shinshi et al., 1987°¢
Stem, flowers Memelink et al., 1990
Seeds Vogeli-Lange et al., 1994112

Acidic PR-3a  Pedicel, sepals, anthers, ovary  Lotan et al., 1989

PR-3b  Sepals, anthers Lotan et al., 198957

Basic PR-3 Roots, maturing leaves Shinshi et al., 1987
Stem, flowers Memelink et al., 19878

Basic PR-5 Roots, flowers Neale et al., 1990%¢

localized intracellularly in the vacuole.?” As far as it has been possible to deduce,
they possess the same type of enzymatic activities, but their substrate specificity and
specific activity may be rather different.?33

In the last few years, the distinction between PRs and PR-like proteins has
become difficult to maintain. In several situations it is difficult to distinguish PRs
from related proteins/mRNAs that are present in some organs or appear during
specific developmental stages. As has been shown clearly in tobacco, the same
proteins can be expressed in a developmentally controlled manner and also be
induced in response to infection in the same organs, for example, basic (type I)
glucanase and chitinase in mature leaves.”>>¢ Or PRs and PR-like proteins may be
expressed constitutively in some organs and be inducible by pathogens in other
organs, i.e., acidic and basic glucanase and chitinase in floral organs and leaves,
respectively.”’->® Table 1.3 lists both the acidic and basic proteins of tobacco that,
besides being coordinately induced by infection, are present in healthy plants in
developmentally controlled, organ-specific manners. Because infection is necessary
to trigger the appearance of the proteins in other organs or in the same organs at a
different stage of development, those PR-like proteins are now also regarded as PRs.

Meanwhile, the term PRs or PR-proteins has been widely adopted to designate
sequences from various plant species that share sequence homology with established
PRs, or proteins with some of the characteristics of PRs, even though induction by
pathogens or related stresses has not been investigated. Such proteins cannot be
considered to be “induced only in pathological or related situations,” and the term
PR-like proteins can be appropriately retained for the latter. Thus, homologous
proteins/mRNAs in healthy tissues in which no induction by pathogen infection has
(yet) been demonstrated are to be termed PR-like proteins (PRLs) and their genes
yprl. Many seed-specific proteins fall within this category. In other cases, occurrence
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of PR sequences has only been shown at the mRNA (cDNA) level, and the presence
of the protein itself remains to be demonstrated.

In tobacco, the developmentally controlled, basic PRs appear to share all char-
acteristics with the acidic ones, except for their cellular localization. However, in
contrast to the acidic PRs, their induction by pathogens is not systemic,” and they
are more prone to being induced by various stress conditions, particularly the stress
hormone ethylene. Since ethylene is produced as an early response during incom-
patible reactions,®*¢! the vacuolar PRs were proposed to function as a last line in
primary defense, to be released when the attacked host cells lyse.%?

Various basic PRs have indeed been shown to reduce infection by selected
pathogens.** Both basic tobacco PR-1g and basic PR-5c¢ have antifungal activity
against selected oomycetes.®%> Notably, simultaneous expression of the basic
tobacco glucanase PR-2e and chitinase PR-3d in tomatoes affords protection against
Fusarium oxysporum f.sp. lycopersici.® Similarly, co-expression of glucanase and
chitinase genes in tobacco enhanced resistance against Cercospora nicotianae.%’%
Moreover, tobacco chitinase has been reported to synergistically enhance the anti-
fungal action of a nettle lectin in vitro.® However, it is difficult to understand how
intravacuolar PRs could exert antifungal activity at an early stage of infection,
because fungal pathogens would only be exposed to these PRs after defense reactions
that lead to cellular disruption have been initiated. Therefore, it is questionable
whether the vacuolar proteins have a general defensive role. Increased levels of
resistance to TMV, comparable to resistance obtained by previous infection with the
virus, were found in UV-irradiated leaves but not upon wounding or treatment with
ethylene, both of which induced high levels of basic PR-mRNAs.> Similarly, trans-
formation of N. sylvestris with a basic chitinase gene did not substantially increase
resistance to the chitin-containing fungus C. nicotianae.”

On the other hand, several PRs inhibit growth of selected fungi in vitro. Tests
for plant proteins with antimicrobial activity have revealed various PR-like proteins,
as well as thionins and defensins. PR-like chitinases and thaumatin-like proteins
isolated from seeds of wheat, barley, oats, sorghum, and maize were found to be
antifungal’!3 and to display synergism.”? The latter observation suggests that, while
each PR may have an intrinsically small defensive capacity, in the reaction of a plant
to fungi, and perhaps bacteria, coordinated induction of the different families of PRs
may indeed confer a level of resistance considerably broader than any protein by
itself. Nevertheless, most of the phytopathogenic fungi that have been tested in vitro
are resistant to glucanases and chitinases. Apparently, fungal pathogens can secrete
metabolites that inhibit selective plant enzymes.” Combination of several PRs might
be necessary to reduce pathogen activity sufficiently to reduce or prevent disease
development.

1.3 POSSIBLE FUNCTIONS OF PRs

The occurrence of homologous PRs as small multigene families in various plant
species belonging to different families (Table 1.1), their tissue-specific expression
during development and consistent localization in the apoplast as well as in the
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vacuolar compartment, and their differential induction by endogenous and exogenous
signaling compounds suggest that PRs may have important functions extending
beyond their apparently limited role in plant defense. It is interesting to note that
PR-1 proteins show substantial sequence similarity to a mammalian androgen-
dependent sperm-coating glycoprotein,” the major insect venom allergen of the
hornet wasp,’® proteins secreted by a fungus during formation of fruiting bodies,”
and a protein expressed in mouse B cells under the control of the Oct2 transcription
factor.”® The functions of these proteins are unknown, but their occurrence in such
diverse organisms is suggestive of some wider significance.

The cellular damage and death occurring during a hypersensitive reaction is a
major stress to the plant, as exemplified by high increases in abscisic acid (ABA)
and ethylene.!* It is possible, therefore, that PRs are stress proteins directed to
alleviate harmful effects of cellular degradation products on hitherto untouched
neighboring cells. Both acidic and basic PRs may be induced by high concentrations
of ethylene®>” or physiological necrosis,® plasmolysis (osmotic stress),3!82 or
wounding.’384 Typically, tobacco basic PR-5c (osmotin) is induced in leaves, stems,
and roots by drought, high salt, or ABA,% as well as in leaves by wounding,? UV
light, ethylene,” or jasmonic acid.’” Such induction in the absence of pathogenic
attack might be taken to indicate protection of cellular structures, either physically
to stabilize sensitive membranes or macromolecules, or chemically to keep poten-
tially harmful saprophytic microorganisms on tissue surfaces or in intercellular
spaces in check. In virtually any natural stress condition, e.g., heat, cold, drought,
osmotic stress, water logging, anaerobiosis, metal toxicity, etc., plants are known to
react by the synthesis of novel, and sometimes partly overlapping, sets of proteins.’88
The various conditions under which PRs occur are reminiscent of those under which
heat-shock proteins (HSP) are induced. These proteins are ubiquitous in living
organisms and associated with the acquisition of thermotolerance to otherwise lethal
temperatures, but a causal connection is not evident.”® HSP may display coordinate
induction by heat shock, i.e., sudden transfer to 5 to 10°C above the normal growing
temperature, variable induction by such stress conditions as osmotic stress, high salt,
dinitrophenol, arsenite, cadmium, anaerobiosis, or high auxin,®" and developmentally
controlled induction such as during oogenesis and metamorphosis in insects and
amphibia, and glucocorticoid-dependent processes in animals.”?> At least some of the
HSP have been shown to act as molecular chaperones that bind other polypeptides
to facilitate folding into their native structure, formation of oligomers, or localization
to their correct intracellular compartment.®* Interestingly, the promoters of all three
tobacco PR-1 genes that are expressed, as well as of a different type of PR in parsley,
contain a heat-shock regulatory element,®*% but the proteins are not induced to
detectable levels by heat shock.* Nevertheless, PRs might have an analogous, though
quite different, chaperonin-like function: unlike PRs, HSP are intercellular proteins
that do not accumulate during heat shock. However, the specific occurrence of
individual PRs in some floral organs, but not in others, points to other, more specific
roles.

The relative ineffectiveness of PRs in determining resistance to pathogens does
not preclude an involvement in defense. As first proposed by Mauch and Staehelin,®”
acidic, extracellular PRs might be involved in recognition processes, releasing
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defense-activating signal molecules from the walls of invading pathogens. This
would hold particularly for chitinases and glucanases that could liberate elicitor-type
carbohydrate molecules from fungal and bacterial cell walls. Thus, a 3-1,3-glucanase
induced in soybean seedlings by infection or chemical stress releases elicitor-active
fragments from cell wall preparations of the fungus Phytophthora megasperma f.sp.
glycinea.®®” Such elicitors could help stimulate defense responses in adjacent cells
and thus accelerate and enhance these reactions, as well as induce acquired resistance
to further infection.

It is well known that during the hypersensitive response many other biochemical
alterations are coordinately induced that can contribute to, or may even determine
the resistance attained, i.e., stimulation of aromatic biosynthesis, leading to the
synthesis of phytoalexins and phenolic compounds that, through the action of
increased oxidative enzyme activities, result in accelerated lignification, as well as
further cell wall changes involving structural hydroxyproline-rich glycoproteins and
glycine-rich proteins, that contribute to barrier formation.!® Moreover, antiviral
proteins inhibiting viral multiplication have been reported to be induced, which may
or may not resemble the ribosome-inactivating proteins described to be present in
the sap of some plant species that have antiviral activity.!"!

Exogenous elicitors cannot play a role in the induction of resistance by viruses.
Nevertheless, the same physiological and biochemical changes occur during a
hypersensitive reaction to fungi, bacteria, and viruses. Occurrence of endogenous
substrates of PRs in plants might allow these proteins to function similarly through
the release of endogenous elicitor-type signaling compounds. Specific oligosac-
charides have been implicated as signal molecules in plant development and reac-
tions to biotic and abiotic factors.!”? A role of PRs as specific internal signal-
generating enzymes would be consistent both with their occurrence in specific
organs and with their induction during development and in response to stressful
pathogenic infections.

In the last few years, chitinase has been implicated as a factor regulating devel-
opmental processes. In the yeast Saccharomyces cerevisiae, a specific chitinase is
secreted into the growth medium that is required for cell separation after division
has taken place.!® This activity hydrolyzes chitin in the septum that forms the
temporary junction between mother and daughter cell. Dot matrix comparison has
indicated that the catalytic domain of the yeast chitinase is highly homologous to
the PR-8 type III chitinase of cucumber. Two regions are also conserved in several
bacterial chitin-hydrolyzing enzymes and chitinase-like glycosidases, as well as the
killer toxin of the yeast Kluyveromyces lactis. Since the latter acts on other micro-
organisms, it was suggested that perhaps the secreted yeast chitinase plays a dual
role: enabling cell separation to occur and suppressing the growth of other micro-
organisms through hydrolysis of cell wall chitin or related polysaccharides.!*® Inter-
estingly, the major chitinase of bean leaves, first described by Boller et al.!®* to be
induced by ethylene and located in the vacuole, appears to also be induced in
abscission zones at the stem—petiole junction,'%31% together with a PR-1-like protein,
two isoforms of B-1,3-glucanase, other chitinases, and a thaumatin-like protein.'%

The specificity of Rhizobium—legume interactions may be in part due to differ-
ential inactivation of bacterial nodulation (nod) factors by root chitinases.'”” Thus,
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PR-like chitinases can be implicated in the turnover of signal molecules acting as
morphogenetic factors. In embryogenic cell suspensions of carrot, a specific chitinase
with homology to PR-4 is necessary for somatic embryogenesis to proceed beyond
the globular stage. A different chitinase homologous to PR-3 has similar activ-
ity.10819 These chitinases are only minor components compared with the total chiti-
nase activity secreted into the growth medium and apparently have a special function,
i.e., to release signal molecules from the cell walls. Rhizobial nod-factors can
substitute for these signal molecules, supporting the notion of chitin oligomer sig-
naling as a more general mechanism in plants.!'%!!"! However, the natural substrates
for chitinases in higher plant cell walls remain to be determined. The tobacco PR-
2 glucanases vary 250-fold in specific activity on laminarin,® and their relative
activities on different substrates vary greatly, suggesting that their normal actions
may be diverse. Expression studies of PR-2d in transgenic tobacco suggest that this
protein functions developmentally in seed germination by weakening the endosperm,
thus allowing the radicle to protrude.'!?

The occurrence of almost all types of PRs in various floral tissues (Table 1.3)
also suggests specific physiological functions during flower development rather than
arole in general defense against pathogen invasion. This notion is supported by the
presence in floral organs of additional PR-like proteins, glucanases,’®!!311* and
thaumatin-like proteins.!'> In petunia flowers, chitinase activity is localized in the
petals (about 15%) and stigma (about 85%). In the stigma, it increases about five-
fold following anther dehiscence, strongly suggesting that the chitinase has a specific
function in reproduction.'!

If these cell-wall polymer-hydrolyzing enzymes release specific oligosaccha-
rides, those might function as signal molecules: as morphogenetic factors during
plant development and/or exogenous or endogenous elicitors after pathogen infec-
tion. Other PRs might be involved in protection of cellular structures and might
contribute to the reduction of multiplication or spread of invading pathogens. This
raises the question of whether PR-genes evolved primarily to limit damage inflicted
by invading pathogens or were adapted from other functions to serve accessory
protective roles. The occurrence of small multigene families appears to preclude the
use of mutants to solve this problem. However, genetic engineering techniques using
antisense RNAs to block PR-gene expression may provide some answers. It is not
inconceivable, however, that other proteins that are either constitutively present or
induced, provide a certain level of redundancy, and that a full understanding will
have to await a better insight into the regulation of developmental processes and
induced responses at the cellular level.
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2.1 INTRODUCTION

Infection of tobacco plants containing the N-resistance gene from Nicotiana gluti-
nosa with tobacco mosaic virus (TMV) leads to a hypersensitive response, which
prevents virus spread by the development of necrotic lesions at the site of virus
entry. In addition, the localized virus-infection induces a long-lasting, systemic
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acquired resistance (SAR) to a variety of viral, bacterial, and fungal pathogens.'**
Van Loon et al.> showed that the accumulation of a group of so-called “pathogenesis-
related” (PR) proteins correlates with the onset of SAR. PR proteins are defined as
plant proteins that are induced in pathological or related situations. Pathological
situations refer to all types of infected states, including the resistant hypersensitive
response and parasitic attack by nematodes, phytophagous insects, and herbivores.
Related situations can occur after the application of chemicals that (partly) mimic
the effect of pathogen infection (e.g., salicylate), as well as wound responses that
give rise to proteins that are also induced during infections.® In addition to its activity
in tobacco, SAR has been demonstrated in many other plant species. The mechanism
behind the establishment of SAR in plants is not known.

PR proteins were discovered in 1970 in TMV-infected tobacco plants.”® Since
then, these proteins have been found in a large number of plant species. For tobacco
Xanthi nc and Samsun NN, the first identified PR proteins were grouped into the
PR-1 and PR-2 families. The PR proteins were named PR-1a, -1b, and -1c in order
of decreasing electrophoretic mobility in a native polyacrylamide gel. The fourth
component was designated PR-2. Van Loon et al.® proposed that any protein whose
amino acid sequence resembled a characterized PR-protein from tobacco be desig-
nated similarly. New members within a family will be assigned a letter according
to the order in which they are described. Five well-established families of PR proteins
have been described in tobacco. Most families contain basic and acidic isoforms.%!°
Six additional families of PR proteins (four in tobacco) have been submitted for
adoption.® The “type member” of the PR-10 family is parsley “PR1.” Since it belongs
to another family, this “PR1” protein shares no sequence homology with and is not
related to the tobacco PR-1 family.!!

2.2 CHARACTERIZATION

PR-1, the most abundant of the PR proteins, is induced 10,000-fold in infected tissue
and accumulates to 1 to 2% of the total leaf protein.!> Therefore the expression of
PR-1 genes can serve as an indicator of the activation of plant defense response.
The following overview deals with the current knowledge on PR-1 and the genes
encoding these proteins. Since PR-1 proteins from tobacco have been studied in
most detail, the data presented here will primarily cover this biological system.

2.2.1 Acipic PR-1 ProTEINS

The genome of Nicotiana tabacum Samsun NN contains at least eight genes encod-
ing acidic PR-1 proteins. Clones corresponding to the genes for acidic PR-1a, -1b,
and -1c proteins were isolated from a genomic library of Samsun NN tobacco.!3!3
Pseudogenes have been found for different tobacco cultivars.'!%20 Nicotiana
tabacum var. Samsun NN is amphidiploid, containing 2n chromosomes from N.
sylvestris and 2n chromosomes from N. tomentosiformis. The genes for the acidic
PR-1a and -1c proteins are derived from N. sylvestris, while the PR-1b gene origi-
nates from N. tomentosiformis.'® The acidic PR-1 genes do not contain introns.!'%2!22
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At the 3’ end of the PR-1a gene, alternate polyadenylation sites have been identified,
resulting in 194 bp and 270 bp long noncoding regions.!> The length of the open
reading frame is 504 nucleotides; the primary structure is strictly conserved among
the acidic PR-1 proteins.?! The 138 amino acid long mature proteins are synthesized
on membrane-bound ribosomes as higher molecular weight precursors containing
an N-terminal 30 amino acid hydrophobic signal peptide, which is cleaved to yield
15 kDa mature proteins.®13:152324 Lucas et al.>> reported that no amino sugars can
be detected in the PR-1a protein. The PR-1a,-1b, and -1c proteins were shown to
belong to a serological group in tobacco and to be serologically related to PR-proteins
from other plant species.?6-3 The three acidic isoforms of the tobacco PR-1 family
share more than 90% amino acid sequence identity, while minor sequence variations
exist between the homologous PR-1 proteins from N. tabacum cvs. Samsun NN,
Wisconsin 38, and Xanthi nc.3!

The acidic PR-1 proteins remain soluble at pH 3, whereas most other plant
proteins are denatured under these conditions.?>* The relative resistance to the action
of endogenous and exogenous proteases, suggests that PR-proteins have a low
turnover rate.>** The estimated half-life of the acidic PR-1 proteins is 40 to 70
hours.3! The high resistance of PR-proteins to acidic pH and to proteolytic attack
appears to be a good adaptation to the conditions of the extracellular environment.
Acidic PR-1 proteins were detected in the extracellular spaces and xylem elements
of TM V-infected tobacco leaves, using biochemical and immuno-localization exper-
iments.3¢3° In addition, Dixon et al.*® described the accumulation of PR-1a, -1b, and
-1c after TMV infection of N. tabacum Xanthi in the central vacuoles of specialized
leaf cells, known as crystal idioblasts. There are indications for the existence of
special proteolytic enzymes that are responsible for the turnover of PR-proteins.
Rodrigo et al.*! described an extracellular aspartyl protease in tomato which is able
to degrade PR proteins.

The acidic PR-1 genes do not encode a known targeting peptide sequence for
vacuolar targeting. Therefore, the synthesis and accumulation within crystal idio-
blasts of acidic PR-1 proteins, indicates that these cells sort the proteins in a unique
manner.*’ In other plants, extracellular proteins corresponding to the acidic PR-1
proteins of tobacco do not necessarily have a low pl. For example, the tomato P4
and P6 proteins purified from the apoplastic fluid are basic.*?

2.2.2 Basic PR-1 PRrROTEINS

cDNAs and genomic clones corresponding to basic proteins, which are approxi-
mately 65% similar to the acidic PR-1a, -1b, and -1c proteins, have been character-
ized from TM V-infected leaves.!*#3# So far there are indications for two basic PR-
1 proteins in tobacco although hybridization studies revealed that the genome con-
tains at least eight (pseudo) genes.!® Also, the genes encoding the basic PR-1 proteins
do not appear to contain introns. Antibodies against the tobacco acidic PR-1 proteins
did not react with the basic proteins. Nidermann and co-workers* isolated a 17 kDa
basic PR-1 protein (PR-1g) from tobacco. Partial amino acid sequencing (59 amino
acids out of 179) indicated that this protein had 94% sequence identity to the protein

© 1999 by CRC Press LLC



encoded by the genomic clone of Payne et al.,** 97% to the genomic clone of Eyal
et al.,* and 97% sequence identity to the cDNA clone described by Cornelissen et
al.! Sessa et al.*® showed that the product of the basic dark inducible PR-1 gene
PRB-1b, characterized by Eyal et al.,** was a 16 kDa protein. Although the PRB-1b
coding and noncoding region appear to be identical to the previously published
basic-type PR-1 DNA,*" an additional “C” present at position 476 in this gene results
in a frame shift relative to the described basic-type PR-I DNA sequence. The PRB-
1b open reading frame codes for a 179 amino acid protein which shares 87%
homology with the protein encoded by the genomic clone of Payne et al.*3

The basic PR-1 proteins, like the acidic PR-1 proteins, contain a hydrophobic
N-terminal region of 30 amino acids which probably functions as a signal peptide
for translocation to the ER.** In contrast to the acidic PR-1 proteins, there is an extra
domain present in the basic PR-1. Based on the deduced amino acid sequence, this
domain was found as an extension of 36 amino acids encoded in the cDNA clone,!®
while the two genomic clones encode extensions of 18 amino acids.*>%

These C-terminal extensions in the basic-type PR proteins are thought to repre-
sent vacuolar targeting signals.*34 Sessa et al.*¢ showed the subcellular localization
of the basic PRB-1b proteins in the vacuoles of ethylene-treated tobacco leaves. The
preliminary data of Nidermann et al.*> indicate that the basic PR-1g protein is at
least partially present in the extracellular space. This suggests that, like their acidic
counterparts, basic PR-1 proteins may have a dual localization, irrespective of
specific targeting signals present in the protein sequence.

2.2.3 PR-1 ProteINs IN OTHER ORGANISMS

The genes encoding the acidic and basic PR-1 proteins in tobacco and other plant
species probably arose relatively early during evolution. The existence of PR-1-like
genes/sequences not only in many plant species but also in fungi, insects, mammals,
and yeast supports this idea.’*>3 The function of the proteins encoded by the PR-1-
like genes present in these organisms is not known. Immunoblot analysis using
antibodies against the acidic tobacco PR-1b revealed the existence of cross-reacting
proteins in a number of infected dicots and monocots, including tomato, potato,
cowpea, maize, sunflower, barley, Gomphrena globosa, Chenopodium amaranti-
color, and Solanum demissum.3>>* cDNA clones with sequences similar to tobacco
PR-1 sequences have been isolated from Brassica napus, Solanum tuberosum, Med-
icago truncatula, and maize.»% PR-1 proteins have been purified from tomato,
barley, and Arabidopsis, as well as from tobacco.*>3°% Phylogenetic analysis of
protein sequence data described by Devereux et al.¢! showed, for example that within
the Solanaceae, the acidic PR-1 proteins from tobacco are more closely related to
the acidic PR-1al protein from tomato than to the tobacco basic PR-1g and PRB-
1b.92 The existence of distinct basic and acidic PR-1 genes in plants suggests an
early duplication of PR-1 genes during evolution. PR-1 proteins (PR-1a-g) have been
detected in different tobacco cultivars and species, e.g., in Nicotiana tabacum cvs.
Samsun NN, Xanthi nc., Wisconsin-38, White Burley, and Nicotiana sp. tomentosi-
formis, sylvestris, debneyi, glutinosa.”323%.63-65
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2.2.4 THe FuncTioN oF PR-1 PROTEINS

Since PR-1 proteins were first discovered in response to virus infection, it was
believed that they were involved in virus resistance or in virus localization. Treat-
ments, such as spraying plants with salicylic acid or UV-light irradiation, that induce
PR-1 production also efficiently induce resistance. Ahl and Gianinazzi® reported
that the interspecific hybrid of Nicotiana glutinosa and N. debneyi, which constitu-
tively produces PR-1 proteins, was highly resistant to TMV. However, transgenic
tobacco plants, constitutively expressing chimeric genes composed of the cauliflower
mosaic virus (CaMV) 35S promoter fused to the PR-Ia or -1b coding region, did
not show higher levels of resistance to local or systemic infection with TMV or
alfalfa mosaic virus.!>67-6% This lack of resistance was not due to a possible failure
in targeting, since both the PR-1a and -1b proteins were correctly secreted into the
extracellular space. Apparently, despite the high production after virus infection, the
PR-1a and -1b proteins do not function as antiviral factors.

PR-1 proteins do not play a role in resistance to leaf-eating insects, because it
was demonstrated that larvae of Spodoptera exigua and Heliotis virescens fed with
leaf material derived from PR-1a transgenic tobacco did not show any apparent
difference in development, morphology, or reproductive capabilities compared to
the control larvae fed with leaves of nontransgenic tobacco.®7° In addition, Klessig
et al.”! showed that transgenic tobacco plants producing PR-1b proteins are as
susceptible to Manduca sexta as nontransformed control plants.

There is increasing evidence that PR-1 proteins may play a role in the resistance
to fungal infection. In 1993, Alexander et al.'? reported that transgenic N. tabacum
cv Xanthi nc, which constitutively produce PR-1a protein, showed an increased
tolerance to two oomycete pathogens. Significant delays of infection and substantial
reduction of disease symptoms were found on transgenic plants inoculated with
Phytophthora parasitica var. nicotianae (causal agent of black shank disease) and
Peronospora tabacina (causal agent of blue mold disease). The transgenic tobacco
plants remained susceptible to infection with TMV, potato virus Y (PVY), Cercop-
spora nicotianae, and Pseudomonas syringae pv tabaci. More recently, Niderman
et al.* tested the antifungal activity of purified tobacco and tomato PR-1 proteins
against Phythopthora infestans. They measured the degree of inhibition of zoospore
germination in vitro and scored the reduction of infected leaf surface in vivo. The
basic PR-1 proteins PR-1g (tobacco) and Pl4c (tomato), which show considerable
sequence similarity, turned out to be most effective in the assays. The acidic tobacco
PR-1 proteins were only slightly inhibitory.

2.3 EXPRESSION/INDUCTION

PR-1 genes are known to be expressed in response to various external stimuli,
including pathogens, wounding, chemical elicitors, hormones, and UV-light.”>73 In
addition, the genes also appear to be under developmental control. The induction of
PR proteins is not dependent on the presence of the N-resistance gene. After infection
with tobacco necrosis virus (TNV), Samsun nn plants, which lack the N-gene, induce
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the same set of PR proteins as Samsun NN tobacco plants.” Genes encoding basic
and acidic isoforms of PR-1 are differentially regulated.”

2.3.1 PATHOGENS/WOUNDING

Although PR-1 genes are induced by a plethora of different pathogens, their induc-
tion by TMV has been studied in most detail. In healthy Samsun NN tobacco, the
mRNA for the acidic PR-1a, -1b, and -1c proteins accumulates at a very low level.
Upon TMV infection, this level is highly increased.”’® The mRNA for the basic
PR-1 proteins is also induced by TMV infection.” The expression of acidic PR-1
genes in the local leaves reaches its maximum at five days after TMV inoculation,
while the basic genes reach a maximal expression after three days. Only the acidic
genes are systemically induced. mRNA levels for acidic PR-1 proteins are detectable
in systemic leaves at three days after TMV inoculation of the bottom leaves; the
maximum expression is reached at nine to fifteen days.”

In contrast to Ohshima et al.,”” Uknes et al.,”® Malamy et al.,” and Van de Rhee
et al.3 reported that acidic PR-1 genes do not respond to wounding. Wounding,
however, results in enhanced accumulation of basic PR-1 mRNA, but this does not
result in increased resistance to TMV.”?

2.3.2 Sauicyiic Acip

An ever-increasing body of evidence suggests that salicylic acid (SA) plays an
important role in the activation of defense responses against pathogen attack in
plants. In 1979, White3! reported that spraying tobacco plants with salicylic acid
(SA) induced local resistance to TMV. Salicylate induces the expression of both
acidic and basic PR-1 genes.’! After pathogen infection, the endogenous plant
hormone SA accumulates to high levels in tobacco, cucumber, and Arabidopsis.?*3

Experiments with the protein synthesis inhibitor cycloheximide indicated that
protein synthesis is required for salicylate-dependent, acidic PR-1 mRNA accumu-
lation.”®37 Levels of SA and salicylic acid-f-glucoside (SAG) increase after infection
of resistant (Xanthi nc) but not susceptible (Xanthi) tobacco cultivars.?>% SAG
possibly functions as a storage form of metabolically active SA. SAG is as active
as SA in induction of PR-1 gene expression. The induction of PR-1 by SAG is
preceded by a transient release of SA, which occurs in the extracellular space.®
When Xanthi nc (genotype NN) plants are inoculated with TMV and incubated at
temperatures higher than 28°C, the replication and spread of the virus is not
restricted, necrotic lesions are not formed, the increase in SA and SAG levels is
blocked, and the PR-genes are not induced. However, when the infected plants are
moved to lower temperatures (22°C), SA and SAG levels rise dramatically, PR
proteins accumulate, and the HR is rapidly activated.?8%84889091

A variety of Arabidopsis mutants (e.g., cpr, Isd, acd), which constitutively
express PR-1 genes, exhibit enhanced resistance to pathogens, while also showing
elevated levels of SA.9>% Other Arabidopsis mutants that are defective in SA signal
transduction (e.g., npr, nim, and sai) fail to activate PR gene expression after
treatment with SA and exhibit enhanced susceptibility to pathogens.®>-7 Recently,
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Ryals et al.”® reported that the Arabidopsis niml gene product (NIM1) shares
significant homology to the mammalian IkB subclass of transcription inhibitors.
The IxB protein functions in signal transduction by binding to the transcription
factor NF-kB and preventing it from entering the nucleus. In animals, the transcrip-
tion factor NF-kB is post-transcriptionally activated by reactive oxygen species
(ROS), such as H,0,, and mediates expression of many genes involved in acute
phase, immune, and inflammatory responses.” When the signal transduction path-
way is activated, phosphorylation and ubiquitination of IkB results in transport of
the NF-kB/IkB complex through the proteosome. IxB is degraded, and NF-kB is
released to the nucleus where it stimulates transcription.!®!%! The homology
between NIM1 and IkB suggests that NIM1 may interact with an NF-xB-related
transcription factor in plants to induce SAR gene expression and trigger disease
resistance. Since mutations in the nim/ gene result in inhibition of the SAR signal,
the transcription factor targeted by the NIM1 protein possibly serves as a repressor
of SAR gene expression and disease resistance.”® Transgenic tobacco and Arabi-
dopsis plants expressing a salicylate hydroxylase gene (NahG) from Pseudomonas
putida fail to accumulate SA upon pathogen attack. The substrate-specific salicylate
hydroxylase enzyme uses NADH as a cofactor to decarboxylate and hydroxylate
SA to biologically inactive catechol. The NahG plants do not display PR-1 gene
induction and show no local and systemic resistance.!0%103

Histochemical analysis performed by Ohshima et al.”” after SA induction of the
PR-1a promoter-GUS transgene in tobacco showed induced GUS-activity in all
tissues of the leaf blade and vascular bundle, especially the phloem, cortical paren-
chyma, pith parenchyma, and the leaf base of the petiole. This induced gene expres-
sion reached the highest levels in young rigid leaves. However, it must be noted that
this pattern of expression was obscured by the heterologous CaMV 35S enhancer
present in the constructs used. Transgenic plants with high GUS activity did not
express endogenous PR-1 genes. Tissue specificity of GUS expression from the PR-
1a promoter was identical to that obtained with the CaMV 35 S promoter.!*

During the past several years, different studies have been initiated to elucidate
the mechanism of SA action in plant disease resistance. However, the precise role
of SA in this context has yet to be determined. The function of SA as a primary
long-distance signal in SAR is questionable. In contrast to the data published by
Rasmussen et al.’ and Vernooij et al.,'% Shulaev et al.!% reported that SA may be
the major translocated SAR-inducing signal in tobacco.

In 1991, Chen and Klessig identified a soluble (SA)-binding protein in tobacco
which appeared to be a catalase.!”” Many compounds that induce PR-1 gene expres-
sion and disease resistance in plants (e.g., SA, 2,6-dichloroisonicotinic acid and their
biologically active analogues) inactivate catalase directly or indirectly.!*®1% Among
different plant species, there is a large variety in the levels of SA-binding activity
and SA-sensitivity of catalase activity.!'” The other key H,0O,-scavenging enzyme,
ascorbate peroxidase (APX), is also shown to be inhibited by SA.!!! Lipid peroxides
are able to induce PR genes.!'? Conrath et al.!'3 suggested that the interaction of SA
with catalase and APX leads to elevated H,O, levels and lipid peroxidation. Since
SA treatment of tobacco results in a moderate increase in H,0,, Chen et al.!®!!4
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proposed that elevated levels of H,O, or other reactive oxygen species (ROS) derived
from H,0, are involved in the activation of plant defenses. Analyses of transgenic
tobacco plants that expressed tobacco catalase 1 and 2 in an antisense orientation
indicated that severe reduction of catalase levels was accompanied by the induction
of PR-1 genes, the development of necrosis/chlorosis, and enhanced resistance to
TMYV. Despite severely depressed catalase levels, the systemic leaves of the antisense
catalase plants did not exhibit PR-/ gene expression.!!> Similarly, Chamnong-pol et
al.!'® observed PR-1 gene activation in catalase-deficient transgenic tobacco plants
only under high light conditions which cause necrosis in these plants. Apparently,
elevated H,0O, due to the inhibition of catalase per se is not sufficient for induction
of PR-1 genes. Bi et al.!'” showed that H,0, and the catalase inhibitor 3-amino-
1,2,4-triazole (3AT) were weak inducers of PR-Ia gene expression in wild-type
tobacco. Both H,0O, and 3AT were unable to induce PR-Ia in Nah G plants, sug-
gesting that their action depends on the accumulation of SA.!"":!18 After infection of
tobacco with P. syringae pv. syringae or pretreatment of leaf discs with SA, no
significant changes in catalase activity could be detected.!'” Neither was there an
increase in H,0, levels during the onset of SAR.!!® Increasing concentrations of
H,0, result in a dose-dependent accumulation of total SA and activation of benzoic
acid-2-hydroxylase, the enzyme that converts benzoic acid to SA.!'8120 Taken
together, these data suggest that H,0O, affects PR-1 gene expression at a step in signal
transduction upstream of SA.

Activation of defense responses may occur through the interaction of SA with
other cellular factors, rather than, or in addition to, catalase and APX. The contention
that plant SA-sensitive catalases play a role only in certain aspects of SA-mediated
responses is supported by experiments described by Chen et al.!?! The authors found
an inverse correlation between SA levels and the sensitivity of catalase to SA both
among plant species and in different tissues of Oryza sativa.

H,0, could be just one of several stimuli that induces PR-/ through SA. Green
and Fluhr®” showed that increases in PR-1 protein levels by SA are unaffected by
pretreatment of the tobacco leaves with antioxidants. Vernooij et al.! reported that
even very slight increases in SA levels in systemic tissue can induce PR-gene
expression via a pathway that appears not to involve H,O,.

Recently, Du and Klessig!'!? identified a new soluble SA-binding protein
(SABP2) in tobacco. It reversibly binds SA (and its active analogues) with an affinity
that is 150-fold higher than that between SA and catalase. SABP2’s relatively high
affinity for SA and its low abundance in leaves suggests that it may function as a
receptor for SA.

Chivasa et al.!?? showed that treatment of tobacco with SA interferes with the
normal function of the TMV RdRp complex. The pathway leading to this inhibition
of virus replication is required for SAR. It appears to be distinct from that leading
to PR-1 protein gene activation in that it requires the activity of alternative oxidase
(AOX) or some other salicylic hydroxamic (SHAM)-sensitive activity. SHAM is an
inhibitor of the SA-induced terminal oxidase of the alternative respiratory pathway
in plants.!??

Conrath et al.!'3 reported that dephosphorylation of serine/threonine residues
of two or more phosphoproteins is involved in induction of acidic PR-I genes. At
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least one of the target phosphoproteins acts downstream of SA, since the protein
phosphatase inhibited okadaic acid, and calyculin A blocked SA-mediated induction
of PR-1.

In 1996, Yang and Klessig!?® reported the isolation of a tobacco Myb1 protein
which appears to function as a signaling component in the pathway leading to PR-
1 gene expression downstream of SA. In animals, myb genes encode transcription
factors involved in cell cycling, proliferation, and differentiation. So far in plants
(e.g., barley, maize, potato, petunia, Arabidopsis, Anthirrhinum), homologs of myb
oncogenes have been found to play a role in flavonoid biosynthesis, epidermal cell
differentiation, salt stress, dehydration, and gibberellin response.!?*!13* The tobacco
mybl gene is activated systemically by incompatible pathogens, SA, 2,6-dichloroi-
sonicotinic acid (INA), and their biologically active analogs. The mybl gene acti-
vation precedes PR-1 gene expression.

Certain chemicals induce the accumulation of PR-1 proteins and enhance virus
resistance in tobacco. These compounds include polyacrylic acid (PAA), thiamine,
L-a-aminobutyric acid, barium chloride, the antiviral agent 2-thiouracil, (-1,4-
endoxylanase, benzothiadiazole (BTH), INA, and cholera toxin.!**!40 Since all these
chemical elicitors except BTH and INA induce the accumulation of SAG, it is
suggested that they are involved in the SA signaling pathway leading to PR-1 gene
expression and SAR.”8%141 Studies performed by Conrath et al.!®® and Lawton et
al.'*! indicated that INA and BTH activate the SAR pathway downstream of SA. In
contrast to INA, BTH is able to bind to SABP2.112

2.3.3 ETHYLENE AND OTHER HORMONES

Hormones play a central role in regulating many aspects of plant growth, develop-
ment, and stress response. The concentration of hormones present in plant tissue
influences the expression of “stress”-related genes like PR-I. Basic PR-1 mRNA
accumulates in hormone-starved tobacco callus.” In tissues that develop abnormally
due to endogenously overproduced or exogenously applied hormones, both basic
and acidic PR-1 genes are activated.”

Cytokinins and auxins represent two important groups of plant hormones. Cyto-
kinins are plant hormones which delay senescence, inhibit HR, and induce suscep-
tibility to pathogens.'*? Auxins are growth-promoting hormones regulating different
processes in plant development (e.g., cell division, elongation, and differentiation).
Tobacco PR-1 genes are not induced by the cytokinins kinetin and 6-benzylami-
nopurine (BAP, see references 75 and 78). Different plant species show a different
response to the exogenous application of plant hormones. The tobacco PR-1a pro-
moter does not significantly respond to treatment with the auxin 1-naphthaleneacetic
acid (NAA). In contrast, Jung et al.'"¥® reported a strong induction of sunflower PR-
1 proteins by NAA, whereas the auxin 2,4D (2,4-dichlorophenoxyacetic acid) does
not induce PR-1 protein expression in this species.

A phytohormone that is able to induce both basic and acidic PR-I genes is
ethylene.**”> Ethylene is produced in plants in response to stress conditions.!#
During the normal life cycle, ethylene production is induced at certain stages of
plant growth (e.g., during germination, fruit ripening, flower senescence). Ethylene
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is not directly involved in the signal transduction pathway that leads to SA accumu-
lation.!# Treatment of tobacco with the ethylene-releasing compound ethephon
results in a strong induction of basic PR-1 genes, while acidic PR-1 genes are hardly
expressed. Basic PR-1 transcripts accumulate 1 to 2 days after ethephon treat-
ment.”>” Inhibitors of protein kinase C have been shown to block the ethylene-
induced transcription of PR-genes.'“¢ Ethylene-dependent PR-I gene induction
requires light.** Histochemical analysis by Eyal et al.'” showed ethylene inducible
expression of the tobacco basic PRB-1b promoter/GUS transgene in the leaf abscis-
sion zone, the vascular tissues of the stem, and the petiole. In all organs except the
leaf, inducible GUS expression was limited to vascular tissues, mainly the inner
phloem. In sunflower, floating leaf discs on ethephon results in a strong induction
of the acidic PR-1 genes.'** Ethephon treatment does not induce resistance to TMV
in tobacco.” Lawton et al.'*® demonstrated that in Arabidopsis, SAR requires SA
but not ethylene, while ethylene-insensitive mutants show the same biological induc-
tion of SAR as wild-type Arabidopsis. However, recent experiments by Knoester et
al. (personal communication) indicated that ethylene may play a role in resistance.
Tobacco plants carrying the mutant etr]-1 ethylene receptor gene from Arabidopsis
thaliana are insensitive to ethylene. These plants no longer display TM V-inducible
basic PR-1 gene expression in the infected leaf, while their acidic PR-1 gene expres-
sion is not altered. These ethylene insensitive plants are severely compromised in
basal resistance to fungal pathogens, and initial studies revealed that induced resis-
tance (SAR) may also be diminished.

The precursor of ethylene is methionine. The two key enzymes in the ethylene
biosynthesis pathway are 1-aminocyclopropane-1-carboxylic acid (ACC) synthase
and ACC-oxidase. ACC-synthase catalyzes the conversion of S-adenosyl-L-methion-
ine (SAM) to ACC. ACC-oxidase catalyzes the conversion of ACC to ethylene.!**
ACC-synthase and ACC-oxidase are the rate-limiting enzymes in ethylene biosyn-
thesis.!* The elicitor B-1,4-endoxylanase (EIX) isolated from Trichoderma viride
stimulates accumulation of ACC-oxidase and ACC-synthase transcripts, and elevated
enzyme activity in Xanthi tobacco leaves."”® EIX induces ethylene biosynthesis,
accumulation of PR proteins and phytoalexins, electrolyte leakage, and hypersensi-
tive responses in N. tabacum cv Xanthi.!3¢151.152 The accumulation of basic PRB-1b
transcript shows complex regulation with regard to ethylene and EIX. EIX treatment
stimulates accumulation of PRB-1b transcript within 4 hours. Ethylene treatment of
Xanthi tobacco leaves for 8 to 16 hours induces a much higher accumulation of
PRB-1b transcript. However, EIX treatment caused a decline in PRB-1b transcript
levels in leaves pretreated (16 hours) with ethylene.!3 Recently, a high-affinity
binding site for EIX was found on tobacco membranes. This protein may function
as the receptor that mediates the hypersensitive response induced by EIX binding.!>*

Xu et al.’> suggested that signal combinations may synergistically hyperinduce
plant defense genes and that such synergistic signals may be more specifically related
to gene function than any single inductive signal. The authors showed that the acidic
PR-1b gene was synergistically induced by ethylene/methyl jasmonate combinations.
The plant-growth regulator jasmonic acid (JA) and its methyl ester methyl jasmonate
(MelJa) are widely distributed in the plant kingdom. Jasmonates, the key molecules
of the octadecanoid signaling pathway, have been proposed to be stress-related
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compounds. MeJa in particular is a signal molecule that is released in plants in
response to various stresses, such as wounding and pathogen attack. In dicotyledon-
ous species, defense-related genes are usually induced either by wounding and
jasmonates or by pathogen attack and SA.!>*! Jasmonates may be embedded in a
signaling network together with other pathogen induced pathways. All the different
plant responses to jasmonates appear to be correlated with alterations in gene expres-
sion. Different plant species show distinct reaction patterns to exogenously applied
jasmonates. In contrast to treatment with SA, application of JA to rice plants induces
the accumulation of PR-1-like proteins.'®® However, in tobacco, the acidic PR-1b
gene is not induced by MeJa, while SA treatment of these plants results in high
levels of PR-1b expression. A combination of MeJa and SA synergistically hyper-
induces PR-1b in tobacco.!"”> The difference in response to SA and JA might be
explained by the fact that the basal levels of these hormones vary among plant
species. For example, in contrast to tobacco, high basal levels of nonconjugated SA
are found in rice leaves.!%!

2.3.4 UV-LiGHt

Exposure of tobacco plants to UV-C light (200 to 280 nm) induces basic and acidic
PR-1 genes. Like TM V-infection and SA-treatment, UV-C irradiation induces virus
resistance as measured by the reduced size of TMV local lesions.” However, the
PR-1 gene induction by UV-C is correlated with extensive leaf damage, which itself
might induce a pathogenesis response.” Green and Fluhr®” showed that UV-B (280
to 320 nm) irradiation results in accumulation of PR-1a, -1b, and -1c proteins in
Samsun NN tobacco, in a fluence-dependent manner. The experiments were per-
formed using UV-B fluences which were well below the range of fluences that
caused detectable damage. Accumulation of PR-1 transcripts by continuous UV-B
irradiation could be detected after 10 hours. PR-1 protein accumulation occurred in
all irradiated parts of the leaf. Irradiation with UV-A (320 to 360 nm) did not cause
induction of PR-1 genes.®” UV-light responsiveness of PR-1 genes appears to be
species specific. Exposure of sunflower leaf discs to UV-light strongly induces PR-
3 and PR-5 protein synthesis but fails to induce PR-1 protein production.'** The
signal transduction pathway between UV-B and PR-I gene expression in tobacco
requires active oxygen species and protein synthesis since antioxidants and cyclo-
heximide are able to block the induction of PR-1 by UV-B. Treatment of leaves with
a generator of reactive oxygen species (ROS) causes the accumulation of PR-1
protein. The ROS involved in this pathway are not generated during photosynthesis.®

2.3.5 DEVELOPMENTAL STIMULI

Acidic PR-1 proteins are not detectable in young, healthy plants.”%7>162 However,
Fraser!® detected PR-1a and -1b proteins in healthy untreated tobacco Xanthi nc
leaves as the plants began to flower and senesce. Tobacco PR-1a, -1b, and -1c
proteins are present in the sepal tissue of the flower and the mesophyll and epidermal
tissues of the leaf blade. No accumulation of PR-1 proteins is found in petals,
filaments, and seed capsules.”®164165 Fraser!63 suggested that the induction of the PR-
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1 proteins in mature plants depends on the presence of both the senescing lower
leaves and the developing inflorescence. In contrast, Griiner and Pfitzner'® showed
that expression of the endogenous PR-1 proteins and the GUS reporter gene under
the control of the PR-1a promoter is readily detected in vegetative tobacco plants
which do not yet carry any flower buds. The expression starts, without any prior
inductive treatment, 12 weeks after germination in the lowest leaves of the plants.
The lowest leaves do not display any signs of senescence at this time. The expression
develops into distinct gradients from the bottom to the top in the green leaves of
the plants. Recently, Hanfrey et al.>> identified a PR-Ia-like gene from Brassica
napus that is expressed early in leaf senescence, before any yellowing of the leaves
is visible. The expression of this gene appears to be triggered by a developmental
process, such as flowering or silique development.

High levels of basic PR-1 mRNA have been reported to occur constitutively in
tobacco roots.” Irrespective of microbial attack or other stress conditions, tobacco
basic PR-1 proteins are present in abscission zones of leaves and inflorescences.
Vascular tissue of stems and petioles also shows a low level of constitutive basic
PR-1 gene expression.'4?

2.4 PR-1 PROMOTER ANALYSIS

Several lines of evidence suggest that regulation of PR protein biosynthesis occurs
primarily at the level of gene transcription. Possibly, the regulation of acidic and
basic PR-1 gene expression depends on the binding of certain transcription factors
to particular regions of the PR-1 promoter. Indeed, important cis-regulatory regions
have been characterized in a number of plant PR-genes.'% In addition, several protein
factors have been identified which interact with PR-/ promoter sequences

2.4.1 Cis ReGULATORY REGIONS IN THE PROMOTERS OF AcCIDIC
PR-1 GENES

A number of studies have been performed to characterize upstream regions PR-1
genes for a possible role in the induction of gene expression. These studies all made
use of transgenic plants transformed with gene constructs in which various PR-1
promoter regions, alone or in combination with the “core” 35S promoter of CaMV
(nt 90 to + 1), were fused to reporter genes like the bacterial B-glucuronidase gene
(GUS). Different results were obtained when a series of promoter deletions was
tested for TMV- and SA-induced expression in transgenic tobacco plants.

A PR-1a promoter fragment containing nucleotides —902 to +29 is able to confer
high levels of induced expression to the GUS reporter gene in transgenic tobacco.®
When this PR-Ia promoter fragment is gradually truncated from the 5’ end to
position —689, the expression level is lowered several times.!®’

According to experiments described by Ohshima et al.,”” the first 300 bp of the
PR-1a promoter are sufficient to drive TMV- and SA-dependent reporter gene
expression. In contrast, Uknes et al.,”® Van de Rhee et al.,** and Beilmann et al.'®®
failed to observe TMV or SA inducibility in studies using 300 bp PR-Ia promoter
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fragments fused to the GUS gene. Possibly, these conflicting results can be ascribed
to the presence of a 35S enhancer element immediately upstream of the PR-1
promoter/GUS transgene. Beilmann et al.'®* showed that the PR-/a promoter can
be influenced by a heterologous enhancer located upstream or downstream of the
transcription start site. However, more recent results of Ohashi and Ohshima'®® with
an enhancer that is not SA-responsive confirmed the sufficiency of the 300 bp PR-
la promoter for the induction of the GUS reporter gene by SA and TMV. While
Ohshima et al.”” marked a 50% increase in the level of GUS activity as “induced,”
Van de Rhee et al.®° and Uknes et al.”® used a level of 500% as the lower-level limit
for induction. Similar conclusions would probably have been drawn when all groups
had used the same criteria. Van de Rhee et al.3 and Uknes et al.’® reported that,
respectively, 689 and 661 bp of the PR-1a 5“flanking sequence are required for
SA/TMV-induced gene expression. Since constructs with 643 bp or smaller of the
PR-1a upstream sequence were inactive, Van de Rhee et al.%° suggested that the
region between position —689 and —643 is important for gene induction by SA
treatment or TMV infection.

Van de Rhee and Bol'®’ showed that the PR-1a promoter contains at least four
regulatory elements which function in a context-dependent way. These interacting
elements are located between nucleotides —902 and —691 (element 1), -689 and —643
(element 2), —643 and —287 (element 3), and —287 and +29 (element 4). All four
elements are required for maximum induction of the reporter gene by TMV or SA.
The authors did not detect promoter activity with each fragment alone. Elements 1
to 3 positively regulate the PR-/a promoter; element 4 is suggested to be important
for a correct spacing between the other three elements and the transcription start site.

Beilmann et al.'®® suggest that the PR-Ia promoter consists of at least two
functional domains. One is located upstream of position —335 and contains a strong
positive regulatory element. The other domain resides within the region between
—71 and +28 of the PR-1a gene. This region is sufficient to support considerable
transcription from the PR-/a promoter in transient assays. In stable transformants,
this region is nearly inactive. However, activation to high levels occurs in transgenic
plants by heterologous enhancers like the CaMV 35S enhancer.

Uknes et al.”® described data indicating the presence of PR-Ia promoter
sequences responsible for high-level constitutive expression that lie approximately
at position =300 and a possible negative regulatory element that contributes to
constitutive expression near position —150. DNA sequence analysis of the PR-Ia
promoter of Wisconsin 38 tobacco revealed a consensus TATA box at position —34
and an 11 bp long imperfect direct repeat at positions —116 and —135 with respect
to the transcription start site. At position —57, the sequence CTAATTTCTG is found.
This sequence differs from the consensus heat shock regulatory element (HSE) only
by the insertion of one extra nucleotide. Identical or very similar structural elements
were found at the same positions in two acidic PR-1 pseudogenes.?! The HSE is a
common motif in the flanking region of all heat-inducible genes. It has been dem-
onstrated to have a positive effect on transcription.'’® Although the induction of PR-
1 genes by TMV and SA is known to be temperature-dependent, heat shock treatment
does not induce the synthesis of PR-1 proteins.!>* Taken together, these data suggest
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that the PR-Ia promoter contains a mixture of cis regulatory regions with either a
positive or negative effect on gene expression.

2.4.2 Cis REGULATORY REGIONS IN THE PROMOTERS OF BAsic PR-
1 GENES

Promoter analysis of the basic PRB-1b gene of tobacco showed that the promoter
sequence from position —213 to the transcription start site was sufficient to direct
ethylene responsiveness. Constructs using 863 bp of the basic PRB-bI promoter
fused to the GUS gene display 25 to 50% higher GUS activity compared to the 213
bp basic PRB-1b promoter/GUS construct.'¥’ Studies by Meller et al.'”! indicated
that regulatory sequences necessary for activation of the basic PRB-1b gene by
ethylene are located in the promoter between positions =213 and —142. Within this
region two protein binding sites were mapped: region G (—200 to —178) and region
Y (-179 to —154). The G region contains a G-box consensus core sequence at position
—187. G-box motifs, which are commonly found in plant promoters, bind a subclass
of bZIP DNA-binding proteins.*172-17> Besides the G-box motif, the G region also
contains the 11 bp sequence, TAAGAGCCGCC (GCC-box), which is highly con-
served in promoters of ethylene-induced genes of Nicotiana species. Ohme-Takagi
and Shinshi'’® showed that the GCC-box is essential for ethylene responsiveness
when incorporated into a heterologous promoter (e.g., CaMV 35S promoter).

2.4.3 ProTeIN FACTORS INTERACTING WITH Acipic PR-1
PROMOTER SEQUENCES

In 1993, Hagiwara et al.'”” demonstrated the binding of nuclear proteins from healthy
tobacco to a region in the PR-I/a promoter between positions —68 and —51 (which
contains the HSE-like sequence) and a region between positions —184 and —172.
Although this binding was sequence specific, the proteins were not able to distinguish
one binding site from the other. No protein binding to these two regions was found
using nuclear proteins derived from the interspecific hybrid of Nicotiana glutinosa
X Nicotiana debneyi, which constitutively produces the PR-1a protein. Gel retarda-
tion assays performed by Buchel et al.,'”® using PR-1a promoter fragments compa-
rable to those of Hagiwara et al.,'”” also showed the formation of a slow migrating
protein-DNA complex with nuclear proteins from healthy Samsun NN tobacco. In
contrast to the results obtained with proteins from the interspecific hybrid, Buchel
et al.'”® detected the same shift when proteins from tobacco plants were used which
display SA- or TMV-induced PR-1 expression. Extending the gel shift analysis to
more upstream PR-Ia promoter regions showed that the same nuclear factor(s)
bind(s) various promoter fragments with different affinity. The factors involved in
these interactions are probably GT-1-like factors.'”® GT-1 is a nuclear factor which
interacts with DNA sequences in light-responsive and other inducible plant gene
promoters like the pea rbc S-3A promoter and the rice phyA promoter. GT-1 probably
binds to the DNA in a homotetrameric form.!” The binding sites are usually posi-
tioned in tandem. The spacing between the neighboring sites appears to be critical
for promoter activity but not for GT-1 binding in vitro.'® The PR-la promoter
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contains a number of putative GT-1 binding sites distributed over the entire 900 bp
upstream region. In comparison to extracts from untreated plants, nuclear protein
preparations from SA-treated and TM V-infected tobacco showed a severely reduced
GT-1 binding activity to the upstream PR-I/a promoter region, which was earlier
shown to be important for inducible gene expression (906 to —656). Mutation of
four of the putative GT-1 binding sites in this part of the PR-/a promoter resulted
in a reduced GT-1 binding in vitro (Buchel et al., unpublished results). In vivo
experiments with a mutated PR-/a promoter fused to the GUS reporter gene will
help to elucidate the role of GT-1 binding in PR-Ia gene regulation.

TGAla is a transcription factor from tobacco that specifically binds to the SA-
responsive motifs as-/ and ocs.!”>181182 The elements as-/ and ocs are present in
the CaMV 35S promoter and the promoter of the octopine synthase gene of Agro-
bacterium tumefaciens, respectively. TGAla, which is highly expressed in roots,
belongs to the basic-leucine-zipper (bZIP) class of transcriptional factors. Southern
blot and genomic cloning analyses have shown that the genome of tobacco contains
at least four closely related genes corresponding to TGA1la.!83 The N-terminus of
TGA1a is important for transactivation, while the DNA-binding domain resides in
the bZIP region, present in the central part of the protein.'®!85 Homo- and/or
heterodimer formation is essential for DNA binding. The C-terminal region of
TGAla is involved in the stabilization of dimers.!8* Strompen and Pfitzner!'8¢
expressed the transcription factor TGAla in bacteria. Although TGA 1a specifically
binds to an as-I-like sequence in the PR-/a promoter (present at position —593), the
role of this factor in transcriptional activation of the PR-Ia gene is unclear.

Several phytohormones are known to enhance the activity of promoters contain-
ing as-1 type elements (e.g., CaMV 35S promoter and nopaline synthase promoter).
These include SA, MelJa, and auxins, but not cytokinin and abscisic acid. Other
stress-related treatments, such as heat shock and high concentrations of cadmium,
have little or no effect.'®” As mentioned before, a number of (hormone) treatments
have the same effect on induction of the PR-1 genes. It is possible that the effects
of these different hormones on the expression of the PR-Ia gene may be at least
partly mediated through binding of TGAla to the as-1-like element present in the
PR-1a promoter.

Yang and Klessig!?} reported the specific binding to the PR-1a promoter of the
product of a mybl oncogene homolog from tobacco. The PR-1a promoter contains
several Mybl binding sites in the region between positions —643 and —169. Strong
binding of recombinant Mybl protein was found to a binding site at position —520
to —514. Exogenous SA treatment rapidly (within 15 min) activated the expression
of tobacco myb1 in both resistant and susceptible cultivars. The subsequent induction
of PR-1 genes occurred several hours later (between 6 and 12 hours). This delay
suggests that, while mybl gene activation by SA may be necessary, it is probably
not sufficient for the induction of the PR-1 genes.'?> Mybl proteins are known to
be involved in activation of gene expression in combination with other transcription
factors.!®® Therefore, the tobacco Mybl protein may act in concert with additional
factors during the activation of PR-1 genes.!??
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2.4.4 ProTeIN FACTORS INTERACTING WITH Basic PR-1
PROMOTER SEQUENCES

Eyal et al.'¥’ studied the binding of nuclear proteins to the promoter of the basic
PRB-1b gene in tobacco. Gel retardation experiments with subfragments of the 863
bp promoter region detected four specific protein-DNA complexes within the regions
—642 to —369 and —240 to —141. No differences in the number or intensity of the
interactions were observed using extracts from untreated or ethylene-induced plants.
Meller et al.'”! fractionated crude tobacco nuclear extract by heparin—agarose chro-
matography and analyzed the binding of proteins to the ethylene responsive PRB-
1b promoter region (213 and —142). Two binding activities were separated which
show differential specificity toward the protein binding sites G (200 to —178) and
Y (=179 to —154). The first factor interacts with both sequences G and Y. The other
factor specifically binds to the region G. Mutations in the G region, which alter the
GCC-box or the G-box motif, disrupt factor binding and abolish the ethylene induc-
ibility of the minimum -213 bp basic PRB-1b promoter/GUS transgene. Ohme-
Takagi and Shinshi!”® cloned and characterized cDNAs corresponding to four eth-
ylene-responsive element binding proteins (EREBPs) from tobacco that specifically
interact with the GCC box. These EREBPs are novel DNA binding proteins that are
unrelated to bZIP and zinc finger protein families. They exhibit no sequence homol-
ogy with known transcription factors or DNA binding proteins.

So far, a number of binding activities/transcription factors have been identified
which show interaction with particular sequences present in the promoter regions
of different PR-1 genes. Future experiments will help to elucidate the role of these
protein—DNA interactions with respect to the induction and expression of PR-1 genes
in plants.
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3.1 INTRODUCTION

Several classes of proteins, called pathogenesis-related (PR) proteins, are induced
in response to the infection of plants with microbial pathogens.!-* This chapter deals
with the family of PR-2 proteins, which are -1,3-glucanases (glucan endo-1,3-f3-
glucosidases, E.C. 3.2.1.39) able to catalyze endo-type hydrolytic cleavage of the
1,3-B-D-glucosidic linkages in B-1,3-glucans. The B-1,3-glucanases are abundant,
highly regulated enzymes widely distributed in seed-plant species.*” Although the
major interest in B-1,3-glucanases stems from their possible role in the response of
plants to microbial pathogens, there is strong evidence that these enzymes are also
implicated in diverse physiological and developmental processes in the uninfected
plant, including cell division,®® microsporogenesis,'®!! pollen germination and tube
growth,!'213 fertilization,'*!> embryogenesis,'®!%* fruit ripening,!” seed germina-
tion,'$1° mobilization of storage reserves in the endosperm of cereal grains,?® bud
dormancy,?' and responses to wounding, cold, ozone, and UV-B.?2:26
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In this chapter we focus on progress being made in understanding the function
and regulation of B-1,3-glucanases in reproductive development and pathogenesis.
For more general information on plant B-1,3-glucanases, the reader is referred to
the extensive reviews by Stone and Clarke,” Meins et al.,* Simmons,® and Hgj and
Fincher.’

3.2 STRUCTURAL CLASSES OF p-1,3-GLUCANASES
AND PR-2 NOMENCLATURE

B-1,3-glucanases (BGlu) exist as multiple structural isoforms that differ in size,
isoelectric point, primary structure, cellular localization, and pattern of regulation.*
The most detailed sequence information for these isoforms is available from cDNA
and genomic clones of tobacco BGlu, which form a multigene family. Based on
amino acid sequence identity, the various BGlu of the genus Nicotiana have been
classified into three structural classes.*?”-2® The classification, nomenclature, and
salient features of these BGlu are summarized in Table 3.1. Similar structural iso-
forms have been reported for tomato, potato, and other plant species.*7-2-32

The approximately 33 kDa class I enzymes (BGlu I) of Nicotiana tabacum,
which constitute the PR-2e subgroup of tobacco PR proteins, are basic proteins
localized in the cell vacuole.’*35 BGlu I is produced as a preproprotein with an N-
terminal hydrophobic signal peptide, which is cotranslationally removed, and a C-
terminal extension N-glycosylated at a single site. The proprotein is transported from
the endoplasmic reticulum via the Golgi compartment to the vacuole where the C-
terminal extension is removed to give the mature, approximately 33 kDa enzyme,
which is not glycosylated.3>3 There is considerable indirect evidence that, in analogy
to tobacco class I chitinases®” and barley lectin,?® the C-terminal extension contains
a signal for targeting to the vacuole.!®3° Recent results obtained with cultured tobacco
cells provide strong evidence that vacuolar class I BGlu and chitinases can be secreted
into the medium via a novel pathway.’*

The known mature BGlu I of tobacco and Gn2 of Nicotiana plumbaginifolia
share about 98% amino acid identity.*’ In contrast, with only about 76% similarity,
the Gnl of N. plumbaginifolia is structurally more distinct.*' The tobacco BGlu I
multigene family consists of very similar homeologs derived from the N. sylvestris
and N. tomentosiformis progenitors of tobacco as well as recombinants of the two
progenitor types.+?

In contrast to BGlu I, the class I and III members of the PR-2 family are secreted
into the extracellular space.>*® The tobacco class II fGlu PR-2a, PR-2b, PR-2¢, and
the class III BGlu PR-2d, also known as PR-2, PR-N, PR-O, PR-Q’, respectively,'
are acidic proteins without the C-terminal extension present in the class I enzymes
ranging in apparent size from approximately 34 to 36 kDa in denaturing gels.** The
class II tobacco isoforms are at least 82% identical in amino acid sequence and
differ from the class I enzymes at a minimum of 48.8% of the positions.*6274+ Class
II also includes the two acidic 41 kDa stylar BGlu isoforms, Sp41la, and Sp41b,
which are exclusively expressed in the style of tobacco flowers."> They do not appear
to be induced by pathogen infection and, hence, are referred to as “PR-like proteins.”!
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TABLE 3.1
PR-2 Family Members (3-1,3-Glucanases) of Tobacco and Other Nicotiana Species

Class? Member name Trivial name Origin® MW (kDa)¢ pl Localization References
I PR-2e GIlb Nt (T) 33 Basic Vacuole 42, 36, 18, 19, 71, 124
1 PR-2e Gla Nt (S) 33 Basic Vacuole 36, 42

1 PR-2e Gglb50 Nt (S) Basic Vacuole 44, 125

1 PR-2e GIn2 Nt (S) Basic Vacuole 132, 126

I Gn24 Np Basic Vacuole 40

I Gnld Np 34 Basic Vacuole 41, 127

11 PR-2a PR-2 (I, b,) Nt 35 Acidic Secreted 27

11 PR-2b PR-N (bs), G19 Nt 35 Acidic Secreted 27, 44, 125
1I PR-2¢ PR-O (b, O Nt 35 Acidic Secreted 27, 142

I PR-2d Nt Acidic Secreted 128, 129

1I Stylar BGLU® Sp4la Nt 41 Acidic Secreted 14, 15, 60
I Stylar BGLU® Sp41b Nt 41 Acidic Secreted 14, 15

it PR-2d PR-Q’ Nt 35 Acidic Secreted 28

vt Anther BGLU® Tagl Nt 35 Acidic Secreted 11

2 Classification according to amino acid sequence identity of the mature proteins (reference 4).

b Nicotiana tabacum (Nt); N. plumbaginifolia (Np); T and S refer to the N. tomentosiformis and N. sylvestris progenitors of tobacco, respectively.
¢ Approximate molecular weight of mature protein; selected values from the literature, which might differ between publications.

4 Amino acid sequence identity to tobacco BGlu I enzymes of the N. plumbaginifolia enzymes is ca. 98% for Gn2, but only ca. 76% for Gnl.

¢ Not induced by pathogens, i.e., a “PR-like protein” (reference 1).

f Tagl is assigned to a new class, since it shares only 37 to 38% amino acid sequence identity to Gla, PR-2, and PR-Q’.
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The acidic, approximately 35 kDa, PR-2d (PR-Q’) is the sole representative of
tobacco class III BGlu and differs in sequence by at least 43% from the class I and
class II enzymes.?® Two highly homologous cDNA clones for class III BGlu have
been isolated from tomato plants infected with a viroid.’! Based on deduced amino-
acid sequences, TomPR-Q'a is an acidic isoform 86.7% identical to tobacco PR-Q’
and TomPR-Q'b, is a basic isoform 78.7% identical to tobacco PR-Q’.

Tag1 appears to represent a novel class of tobacco BGlu. It is a “PR-like” protein
which is expressed specifically in tobacco anthers.!! Like the tobacco class I BGlu,
Tagl is encoded by a small gene family with at least two members derived from the
N. sylvestris and N. tomentosiformis progenitors of tobacco. Based on deduced amino
acid sequence, Tagl encodes a polypeptide with an N-terminal signal peptide, but
no C-terminal extension, suggesting that the protein may be secreted. The mature
form of Tagl is an acidic, 35 kDa protein, which shares absolutely conserved
sequences found in all classes of tobacco BGlu. It is 37 to 38% identical in sequence
to the mature forms of tobacco class I Gla, class II PR-2, and class III PR-Q’. Based
on the criteria used earlier for tobacco BGlu,* we have assigned Tagl to a new class,
IV (Table 3.1).

The specific enzymatic activities and substrate specificities of different BGlu
vary considerably. The BGlu I and class II PR-2c appear to be 50 to 250 times more
active in degrading the -1,3-glucan substrate laminarin than the class II PR-2a and
PR-2b and the class III PR-2d enzymes.?** The mechanism of catalysis has been
recently reviewed by Davies and Henrissat*® and by Hgj and Fincher.’ The complete
three-dimensional structure of a barley BGlu has been determined.*’

3.3 BIOLOGICAL FUNCTIONS OF B-1,3-GLUCANASES
3.3.1 PianT ReproDuUCTIVE BloLOGY
3.3.1.1 Anther B-1,3-Glucanases

Pollen development begins with the division of diploid sporophytic cells within the
anther, which gives rise to tapetal cells and pollen mother cells.**4° The tapetum
forms a single layer of cells around the anther locule in which the pollen develops.
The pollen mother cells undergo meiosis to form tetrads of haploid microspores. In
almost all higher plants, each individual microspore of the tetrad is surrounded by
a thick callose wall composed of a (-1,3-glucan, which is laid down between the
cellulose cell wall and the plasma membrane. At a critical stage of microspore
development, the callose wall of the tetrads is degraded by callase activity, which
is secreted by the tapetal cells. The microspores are then released into the anther
locule where they develop into mature pollen grains. Although the callose wall is
essential for production of fertile pollen, its function is unknown. Proposed functions
include physical and chemical isolation of the developing gametes from sporophytic
tissues, mechanical isolation of the meiocytes and tetrads, protection from environ-
mental and osmotic stress, and formation of the pollen cell wall.!!
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In the anthers of petunia and lily, expression and secretion of callase activity is
under strict developmental control.3*3! The callase complex of lily consists of a 32
kDa endo-BGlu and a 62 kDa exo-type BGlu.>? The endo-type enzyme seems to be
most important for the degradation of the callosic walls, while the exo-type BGlu is
involved in the further hydrolysis of released oligosaccharides. Alterations in the
timing of BGlu expression, or failure to express BGlu, leads to abnormal dissolution
of the tetrad callose walls, which has been shown to be a primary cause of male
sterility in cytoplasmic male-sterile lines of petunia,®® sorghum,>* and soybean.>

Two BGlu genes have been identified that are expressed during microsporogen-
esis. The A6 gene was originally identified as an anther-specific Brassica napus
cDNA, which was then used to isolate genomic clones of the Arabidopsis thaliana
homologs.>® Based on deduced amino acid sequences and immunoblotting experi-
ments, A6 encodes a polypeptide with a domain similar in sequence to BGlu and a
114 amino-acid long C-terminal domain, which is not present in other known BGlu.
Reporter gene studies established that A6-gene expression is tapetum specific and
temporally correlated with the expression of callase activity. Transcripts of the class
IV tobacco anther BGlu Tagl are also expressed exclusively in the tapetum and show
a callase-like pattern of expression.!! Tug/ mRNA is not detectable in flower buds,
pistil, sepals, petals, roots, healthy leaves, and in leaves not infected with tobacco
mosaic virus (TMV).

Further evidence for a role of BGlu in callose-wall dissolution and microsporo-
genesis has come from sense-transformation experiments. Worrall et al.'® trans-
formed tobacco with a gene encoding a tobacco BGlu I with the C-terminal extension
deleted, which is secreted into the extracellular space. Tobacco plants that express
the recombinant extracellular BGlu I under the control of the tapetum-specific pro-
moters of the Arabidopsis A3 and A9 genes exhibited premature degradation of
callose in microspore cell walls, production of abnormal microspores, and partial-
to-complete male sterility. No male sterility was observed in transformants obtained
with the extracellular fGlu I regulated by the cauliflower mosaic virus (CaMV) 35S
RNA promoter. Similar results were obtained in lettuce’®® and by expressing in
transgenic tobacco the cDNA of a pathogenesis-related extracellular endo-BGlu from
soybean using the rice, tapetum-specific Osg6B promoter.”’ Taken together, the sense
transformation experiments indicate that premature callose degradation is sufficient
to cause male sterility and suggest that formation of the callose cell wall and its
proper developmental degradation by endo-BGlu are critical for microsporogenesis.

3.3.1.2 Stylar pB-1,3-Glucanases

As part of the fertilization process, pollen tubes grow through the transmitting tissue
of the style toward the ovary.’®%° The transmitting tissue consists of elongated,
secretory cells, connected end-to-end through plasmodesmata. It is believed that
interactions between the transmitting tissue and the growing pollen tube are impor-
tant for guiding pollen tube growth toward the ovules and successful fertilization.
The class II BGlu Sp41 of tobacco is a “PR-like” protein encoded by the two
closely related Sp47a and Sp41b genes.'*!5 It is a major component — up to 20%
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— of the soluble protein in the stylar transmitting tissue of the tobacco flower. The
mature form of Sp41 is an approximately 41 kDa, acidic glycoprotein, which is
secreted into the extracellular matrix. Measurements of Sp41 protein, Sp41 steady-
state mRNA, and activity of the Sp4/a-gene promoter indicate that Sp41 is expressed
exclusively in the style in a developmentally regulated fashion.!*!3% Accumulation
of the protein begins 4 days before anthesis and reaches a broad peak from 2 days
before anthesis until style senescence. No expression is found in leaf, root, sepal,
petal, anther, pollen sac, and ovary. Moreover, the protein is not induced by TMV
in leaves or by treatment with abiotic elicitors of PR proteins in leaves and styles.
Reporter-gene experiments have shown that 2.5 kb 5'-noncoding region of the Sp4/a
gene is sufficient to confer transmitting-tissue specific expression.

Sessa and Fluhr®® used antisense transformation to find out if expression of Sp41
has an essential role in reproductive development. Tobacco plants were transformed
with a construct containing a partial Sp4/a cDNA in reverse orientation fused to a
CaMYV 35S promoter, which is active in the style, and a TMV enhancer of translation.
The results are difficult to interpret. Although neither Sp41 protein nor fGlu activity
was detected and fertility was reduced in 3 of 18 primary transformants, progeny
obtained by outcrossing the Sp41-deficient transformants were fully fertile even
though many of them had undetectable or greatly reduced levels of Sp41. Moreover,
no direct effects on stylar development or pollen tube growth related to Sp4l
deficiency were observed. Sessa and Fluhr® suggest as possible explanations that
either the Sp41 deficiency is significant only under specific environmental conditions
not met in their experiments; or that Sp41 has a role in defense against pathogen
infection rather than in the fertilization process. Another possibility is that the plants
can compensate for the deficiency by producing other proteins with Sp41-like func-
tions as has been reported for BGlu I induced in tobacco by TMV infection.*?

3.3.1.3 Endosperm B-1,3-Glucanases

Germination of seeds is a complex physiological process triggered by imbibition of
water. Under favorable conditions, rapid growth of the embryo culminates in rupture
of the covering layers and emergence of the radicle. In many species the enclosing
tissues act as a physical barrier which must be overcome by the growth potential of
the embryo if the seed is to complete its germination.®!6? Little is known about the
molecular basis for the rupture and physical penetration of these covering layers.
In the case of tobacco, the embryo is surrounded by three to five layers of rather
thick-walled endosperm cells in the mature seed. The periphery of the endosperm is
pressed against the thin seed coat (testa), consisting of cuteinized and lignified dead
cells.® Rupture of the testa and rupture of the endosperm are separate events in the
germination of tobacco seeds (Figure 3.1),!°%* and there is strong evidence that
endosperm rupture is the limiting factor in the germination of these seeds. Electron
microscopic studies support the view that the endospermic hole of the germinated
seed, which is always at the micropylar end, is formed by “dissolution” rather than
by “pushing” action.®* In photodormant varieties of tobacco, both the seed coat and
endosperm remain intact in the 80 to 90% of seeds that do not germinate in dark-
ness.®%-67 However, when the seed coat and endosperm are mechanically removed,
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there is radicle growth even in the absence of light.%-7° Finally, treatment of tobacco
seeds with 10 puM abscisic acid (ABA) greatly delays endosperm rupture and results
in the formation of a novel structure, consisting of the enlarging radicle with a sheath
of greatly elongated endosperm tissue!® (Figure 3.1).

The first hint that fGlu may play a role in tobacco seed germination was our
observation that BGlu I is induced during germination.'®!® Measurements of BGlu
activity, BGlu I protein and mRNA in combination with reporter-gene experiments
with the E. coli uidA gene (Gus reporter-gene) fused to the promoter of the tobacco
class I B-1,3-glucanase B gene (GIb) established that most, if not all, of the fGlu
activity is due to transcriptional induction of the fGlu I isoforms. BGlu I is induced
exclusively in the micropylar region of the endosperm where the radicle will penetrate,
but prior to endosperm rupture. Finally, BGlu I induction during germination is not
a classical defense-type response, since chitinases (Chn) and the known acidic class
II and IIT BGlu are not induced. Based on these findings, we proposed as a working
hypothesis that BGlu I weakens the endosperm by digestion of cell-wall material and
that this promotes radical protrusion to facilitate germination (Figure 3.1).

In support of this hypothesis, treatment of tobacco seeds incubated in the light
with ABA does not affect seed-coat rupture but greatly delays subsequent endosperm
rupture and inhibits the rate of endosperm-specific BGlu I accumulation in a con-
centration-dependent manner.'” Gibberellins (GA), which can substitute for light in
releasing dormancy, induced BGlu I in the dark in association with germination.%
Recent results”! provide evidence that ethylene is required both for high levels of
BGlu I expression in the micropylar endosperm and for endosperm rupture. Although
the close correlation between BGlu I induction and the onset of endosperm rupture
under a variety of physiological conditions (Figure 3.1) is consistent with our
working hypothesis, direct evidence is still lacking. One approach we are currently
exploring is the use of sense- and antisense transformation to alter the level of
expression of BGlu I during the germination process.

It is well established that 1,3;1,4-B-glucanases, which are structurally related to
BGlu but differ in substrate specificity,>*-’2 hydrolyze the 1,3;1,4-B-glucan cell walls
of the starchy endosperm during the germination of cereals.>%3 Less is known about
the function of cereal BGlu, which are present in ungerminated grain and rise
markedly in concentration during germination. However, the putative substrate, [3-
1,3-glucan, is not abundant in cereal grains and is restricted to small callosic deposits
scattered through the starchy endosperm. Fincher’® has proposed that the high levels
of BGlu are part of a preemptive strategy to protect the grain against microbial attack.
Cordero et al.”* found that one BGlu isoform and three Chn isoforms are induced
in germinating maize kernels infected by Fusarium moniliforme. In contrast, a
second BGlu isoform is expressed in embryo and radicle tissues but is not induced
by fungal infection. These findings support the view that cereal BGlu, in addition
to their possible role in pathogen defense, might also be involved in embryogenesis
and seed germination.
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FIGURE 3.1 Working model for tobacco seed germination. Rupture of the testa and rupture of the endosperm are separate events in Nicotiana tabacum.
Class I B-1,3-glucanase accumulates just prior to endosperm rupture and is proposed to promote radicle protrusion by weakening the endosperm. Plant
hormones and environmental factors alter the germination process, and in strict correlation with this, either promote (+) or inhibit (-) class I B-1,3-
glucanase induction. GA = gibberellin(s); ABA = abscisic acid; Pfr = Phytochrome. The model summarizes results from Leubner-Metzger et al.!*6.7!
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3.3.2 PATHOGENESIS-RELATED FUNCTIONS

In 1971, Abeles et al.”> suggested that the glucanohydrolases 3-1,3-glucanase (BGlu)
and chitinase might function as a defense against fungal pathogens. At about the
same time, the PR proteins were first described as a novel set of abundant proteins
accumulating in leaves of resistant tobacco cultivars reacting with hypersensitive
response (HR) to infection with TMV.37677 Later, it was shown that the PR proteins
include BGlu (the PR-2 family)* and Chn (the PR-3 family).22478

There is now compelling evidence that BGlu and Chn, acting alone and partic-
ularly in combination, can help defend plants against fungal infection. It has been
proposed that these glucanohydrolases act in at least two different ways: directly,
by degrading the cell walls of the pathogen; and, indirectly by promoting the release
of cell-wall derived materials that can act as elicitors of defense reactions.*7°-83

3.3.2.1 In Vitro Antifungal Activity

BGlu and Chn can hydrolyze 3-1,3-glucans and chitin, respectively, which are major
components of the cell walls of many pathogenic and potentially pathogenic fungi.®
Although, in some cases, treatment with fGlu or Chn can inhibit fungal growth in
vitro, more often combinations of the two enzymes are required for antifungal
activity.7o8183

Several studies have been made in which different BGlu and Chn isoforms were
tested for in vitro antifungal activity.’¢-3 Only class I vacuolar isoforms of tobacco
BGlu and Chn were effective in promoting the lysis of hyphal tips and inhibiting
the growth of Fusarium solani.®® These effects were greatly enhanced by using
combinations of BGlu I and class I Chn. In contrast, the class II fGlu PR-2a, PR-
2b, and PR-2c did not exhibit antifungal activity either alone or in any combinations
tested. Similar studies with tomato BGlu and Chn have shown that the vacuolar class
I isoforms, but not the secreted class Il isoforms, inhibit growth of Alternaria solani,
Trichoderma viride, and Phytophthora infestans,®’*> and that none of the combina-
tions of BGlu and Chn tested inhibited growth of the tomato pathogen Cladosporium
Sulvum.?

3.3.2.2 Release of Fungal Elicitors

Plant BGlu can release oligosaccharides from cell walls of the pathogens, which can
then act as elicitors of defense reactions.?!-83 This is well documented for interactions
between soybean and the B-glucan elicitor from the pathogenic oomycete Phytoph-
thora megasperma f. sp. glycinea.**'"7 Following fungal attack, soybean PBGlu
releases f-glucans from the fungal cell wall, which then induce accumulation of the
phytoalexin glyceollin. The smallest B-glucan released with elicitor-activity was a
B-1,3-B-1,6-heptaglucoside,” and the structural requirements for elicitor activity of
these oligosaccharides have been investigated.®

Proteins which bind this oligosaccharide elicitor have been purified from soy-
bean membranes.!*1%5 Recently, Umemoto et al.”’ isolated a cDNA for a B-glucan
elicitor binding protein (GEBP), which is localized in the plasma membrane of
soybean root cells. Expression of the soybean GEBP gene has been shown to confer
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B-glucan binding activity to Escherichia coli and to tobacco cells cultured in sus-
pension, suggesting that GEBP might be an elicitor receptor.

Soybean BGlu have been purified that are able to release active B-glucan elicitors
from fungal cell walls.?®9%19.107 The enzyme described by Takeuchi et al.”® is 63%
identical in amino acid sequence to the tobacco class III fGlu PR-Q’, but only 55%
and 51% identical to the class I and class II enzymes of tobacco, respectively,
suggesting that the soybean enzyme is a class III BGlu. Albersheim and Valent**
have reported that the fungus Colletotrichum lindemuthianum secretes a protein that
inhibits an endo-BGlu of its host, French bean. Recently, Ham et al.” presented
evidence that fungal pathogens secrete proteins that can selectively inhibit plant
BGlu. They purified two basic pathogenesis-related fGlu, EnGL,, -A and EnGL, -
B, from soybean seedlings as well as a 3-1,3-glucanase inhibitor protein (GIP-1)
from the culture fluid of Phytophthora sojae f. sp. glycines (formerly Phytophthora
megasperma f. sp. glycinea). GIP-1 specifically inhibited the soybean EnGL,,-A,
but not EnGL,,-B or several other BGlu, including tobacco class II PR-2¢ and
enzymes secreted by the fungus. GIP-1 does not exhibit proteolytic activity but does
appear to physically bind to EnGL-A. The fungal pathogen can also secrete GIPs
with other host BGlu as targets. Thus, fungal pathogenesis appears to involve a
complex interplay between host BGlu and pathogen BGlu and BGlu inhibitors.

3.3.2.3 Enhanced Resistance to Fungal Pathogens Resulting
from Transgene Expression

There is strong evidence that expression of fGlu transgenes alone or in combination
with Chn transgenes regulated by the strong CaMV 35S RNA promoter can reduce
the susceptibility of plants to infection by certain fungi. Transgenic tobacco plants
expressing a soybean B-1,3-glucan-elicitor releasing BGlu or the tobacco class II
BGlu PR-2b show reduced symptoms when infected with Alternaria alternata or
the oomycetes Phytophthora parasitica var. nicotianae and Peronospora taba-
cina.'9%19% 3.1 3-Glucans are the major components of the cell walls of oomycetes,
a group of fungi that do not contain chitin.3*

In many cases, a pronounced synergistic effect is obtained when fGlu and Chn
transgenes are expressed in combination. Tomato plants expressing tobacco class I
PGlu and Chn transgenes show reduced susceptibility to infection by Fusarium
oxysporum f.sp. lycopersici, whereas expression of either gene alone is not effec-
tive.!% Melchers et al.3> and Sela-Buurlage et al.¥ transformed tobacco plants with
transgenes encoding modified class I tobacco fGlu and Chn that are secreted. They
found that the extracellular wash fluid from the leaves of plants expressing both
BGlu and Chn showed strong antifungal activity against Fusarium solani, whereas
this effect was less for plants expressing either transgene alone. Tobacco plants
expressing a bean class I Chn gene show decreased susceptibility to the root pathogen
Rhizoctonia solani.'® Resistance to infection was further enhanced by co-expression
of this Chn gene with barley class I fGlu and Chn genes.!'° Alfalfa plants expressing
alfalfa Aglul acidic SGlu and rice Rchl0 basic Chn transgenes showed reduced
disease symptoms when infected with the oomycete pathogen Phytophthora
megasperma f. sp medicaginis, which does not contain chitin in its cell walls,
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whereas no reduction in symptoms was observed with several chitin-containing
fungal pathogens.!!! Expression of the Rchl0 and Aglul transgenes also substantially
increased protection of tobacco against the chitin-containing fungus Cercospora
nicotianae, the causal agent of the frogeye disease, relative to plants expressing
either of the transgenes alone.'!> In contrast, susceptibility of N. sylvestris to C.
nicotianae was not affected by high-level expression of tobacco class I Chn!'3 or
deficiencies in host BGlu I generated by antisense transformation.!'* The latter results
suggest that host fGlu I may not be required for defense against this pathogen.

3.3.2.4 Decreased Susceptibility to Viral Disease of
B-1,3-Glucanase-Deficient Plants

The induction of BGlu as part of the hypersensitive reaction is a stereotypic response,
i.e., the pattern of induction is similar for viral, bacterial, and fungal pathogens.'!
Although antifungal BGlu I appears to be tailored for defense against fungi, recent
studies of BGlu I-deficient mutants generated by antisense transformation suggest
that these enzymes also play an important role in viral pathogenesis.

TMYV infection of leaves of tobacco cultivars showing a local-lesion response
induces the expression of all three BGlu classes.?” Antisense transformants of Havana
425 tobacco and Nicotiana sylvestris transformed with sequences of Gla, the N.
sylvestris homeolog of tobacco BGlu I, in reverse orientation regulated by the CaMV
35S RNA promoter show greatly reduced levels of BGlu 143114116117 Expression of
class I but not class II or class III BGlu is effectively and specifically blocked when
these antisense lines are infected with TMV.!'7 The antigen content for the BGlu I
in lower leaves of healthy transgenic plants is reduced about 20-fold. They are fertile,
develop normally under greenhouse conditions, and as in the wild-type plants, they
accumulate the known pathogen-inducible class II and class III isoforms of BGlu
when infected with necrotizing viruses.*> A novel intracellular form of BGlu sero-
logically distinct from any of the known tobacco BGlu is induced in fGlu I-deficient
plants, but not in wild-type plants by virus infection. Thus, plants can compensate
for a deficiency in enzyme activity by producing a functionally equivalent replace-
ment — i.e., “ersatz” protein or proteins. The fact that compensation occurred
specifically in response to virus infection suggests an important role of BGlu in
pathogenesis.

Unexpectedly, the BGlu I-deficient mutants showed markedly reduced lesion
size, lesion number, and virus yield in the local-lesion response of Havana 425
tobacco to TMV and N. sylvestris to tobacco necrosis virus.!'” In contrast to BGlu
I, no change in resistance to TMV was reported for antisense and sense transforma-
tion with constructs for the class II Glu PR-2b.!% The BGlu I-deficient N. sylvestris
mutants'!” also showed decreased severity and spread of mosaic disease symptoms
and reduced virus yield in the susceptible response to TMV. Moreover, the symptoms
of disease in both plant species were positively correlated with BGlu I content in a
series of independent transformants providing direct evidence for a function of these
enzymes in viral pathogenesis.

Callose deposition is known to act as a physical barrier to the spread of virus.!!8
Callose deposition in and around TMV-induced lesions is increased in BGlu I-
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deficient tobacco, suggesting that decreased susceptibility to virus resulted from
increased callose deposition in response to infection. These findings are of particular
interest because they suggest a novel means, based on antisense transformation with
host genes, for protecting plants against viral infection. They also raise the intriguing
possibility that viruses can use a defense response of the host against fungal infection
— production of BGlu I — to promote their own replication and spread.

3.4 REGULATION OF B-1,3-GLUCANASE EXPRESSION

BGlu show developmental regulation and regulation in response to treatment with
hormones or infection with pathogens. Early studies were done on the basis of
measurements of enzyme activity before it was recognized that there are different
classes of BGlu.!"123 More recently, specific BGlu proteins have been measured
immunologically and their mRNAs have been measured semiquantitatively by RNA-
blot hybridization. In a limited number of cases, regulation of transcription has been
studied using plants transformed with Gus reporter genes under the control of the
promoter region of SGlu genes, namely: (1) the tobacco class I N. tomentosiformis
homolog GIb,'31?* and the tobacco class I N. sylvestris homologs Gglb50'>>153 and
GIn2;'?6 (2) the less-related BGlu I gene Gnl of N. plumbaginifolia;*'''?’ and (3) the
tobacco class II BGlu genes PR-2b (G19, PR-N)'? and PR-2d.1%%1%

In the following sections, we summarize the patterns of BGlu regulation, and
review progress being made in identifying cis-acting promoter elements and frans-
acting factors important in transcriptional regulation and signal transduction.

3.4.1 DeveLoPMENTAL AND HORMONAL REGULATION
3.4.1.1 Class I B-1,3-Glucanases

BGlu I accumulates at high concentrations in the roots and in lower leaves of mature,
healthy tobacco plants.!?13%.131 The BGlu I content of leaves decreases toward the
top of the plant. Within leaves, they are localized in the vacuole of epidermal cells.**
BGlu I transcripts accumulate at low levels in developing floral tissues of tobacco?®!32
and potato'** and accumulate at high levels during de novo flower formation of
tobacco.!®! The pattern of expression in leaves and roots of BGlu I proteins and
steady-state mRNA is very similar and is correlated with promoter activity of the
approximately 1.5 to 1.7 kb 5' flanking region.!?0:124125.130.132 Therefore, regulation
of BGlu I in these organs appears to be primarily at the level of transcription. Similar
conclusions may be drawn for the less related BGlu I gene Gnl of N. plumbaginifolia,
which shows low promoter activity in upper leaves and high promoter activity in
lower leaves and roots.*!

The accumulation of BGlu I protein and mRNA is strongly down-regulated when
discs of leaf tissue or callus cultures are incubated for less than 7 days on medium
containing combinations of auxin and cytokinin at physiological concentra-
tions.!20:130.134 This is a particularly rapid form of down-regulation detectable at the
mRNA level one hour after suspension-cultured cells are treated with auxin and
cytokinin.!* Down-regulation by auxin and cytokinin also appears to be at least in
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part transcriptional since the decrease in steady-state RNA is correlated with
decreased activity of the GIlb promoter.'>*!136

Many plant species react to treatment with the stress hormone ethylene with
induction of BGlu I activity, protein, and mRNA in leaves.3-7*121.137-139 Although
ethylene increases the BGlu I content of epidermal cells slightly, its inductive effect
is most pronounced on mesophyll cells of the tobacco leaf.3* Studies with inhibitors
of ethylene production and ethylene action have shown that ethylene is required for
the induction of BGlu I in cultured tobacco cells.!?! Ethylene treatment also dramat-
ically increases the promoter activity of the tobacco BGlu I gene Glb.!>* Similarly,
ethephon (2-chloroethylphosphonic acid), which releases ethylene, increases the
promoter activity of the tobacco BGlu I genes Gglb50'> and Gin2'?¢ in leaves of
transgenic tobacco. When applied to plants, ethephon also gives rise to HCI and
H,PO,.1 Since acids can induce accumulation of PR-protein transcripts,'#! control
experiments have been performed suggesting the induction of Gglb50'* and Gin2'%¢
by ethephon is, in fact, due to ethylene. Judging from the approximately 20-fold
increase in Gus reporter-gene activity following treatment with ethylene or ethephon,
BGlu I promoters are highly induced by ethylene. Although activity of the homol-
ogous N. plumbaginifolia Gn2 promoter is also highly induced by ethylene in
transgenic tobacco leaves, activity of the less homologous N. plumbaginifolia Gnl
promoter shows only a weak, approximately 2.5-fold induction.*!

Regulation of BGlu I and class I Chn is often tightly coordinated.*?%3 In tobacco,
their expression gradients in leaves and roots of the mature plant, their kinetics of
down-regulation is cultured by auxin and cytokinin, and their responses in leaves to
ethylene treatment and infection by pathogens are very similar. In contrast, during
the germination of tobacco seeds, fGlu I, but not class I Chn, are transcriptionally
induced in the micropylar endosperm.'” ABA inhibits this seed-specific induction,'®
and also down-regulates BGlu I, but not class I Chn, at the transcriptional level in
tobacco pith-cell suspensions and cultured leaf discs.!3

3.4.1.2 Class Il and Class 11l B-1,3-Glucanases

The class II BGlu PR-2a, PR-2b, and PR-2c are present in sepals but not in other
floral organs.!?®!%2 In general, these acidic BGlu do not appear to accumulate in
vegetative tissues of mature, healthy tobacco plants.?”-?® Reporter gene experiments
suggest that the 1.7 kb promoter of the tobacco class II BGlu PR-2d gene is active
in sepals, in the base of flowers, and in young seedlings, but not in leaves, roots, or
the stem of mature tobacco plants.!?® In contrast, the 1.75 kb class II BGlu PR-2b
promoter is active in leaves, stem, and root of mature tobacco plants, but at levels
much lower than that of the tobacco BGlu I Gglb50 promoter.'?>

Treatment of plants with ethephon results in no detectable induction, or very
weak induction of class II and class III BGlu in leaves of tobacco and
tomato,26:137.139,143
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3.4.2 PATHOGENESIS-RELATED REGULATION

In general, BGlu and Chn are induced in plants infected with viral, bacterial, and
fungal pathogens. Similarly, elicitors including fungal glucans,'#!%> chitosan,!?? N-
acetylchitooligosaccharides, !¢ and glycoprotein'¥’ can induce the accumulation of
the two enzymes.”*8!382

Tobacco cultivars carrying the dominant N gene from N. glutinosa show a local
lesion, HR response to TMV rather than systemic symptoms of mosaic disease.>!48:149
These plants also show decreased disease symptoms in response to secondary infec-
tion with certain other viral, bacterial, and fungal pathogens. This is an example of
a type of induced long-lasting, broad-spectrum resistance called systemic acquired
resistance (SAR).150-153

Class I BGlu proteins and their mRNAs are induced in TM V-infected leaves of
tobacco as part of the local-lesion, HR response.>#284443.116 Gy reporter-gene exper-
iments with the tobacco BGlu I Gglb50 and GIb promoters have shown that BGlu
L is transcriptionally induced by up to about 10-fold in TMV infected leaves showing
HR.12412515% Histological studies indicate that the GIb promoter is active in a ring
of cells around necrotic lesions induced by TMV infection, but not in cells imme-
diately adjacent to the lesions or in the lesions themselves. Gus activity is also
higher in areas with lesions, compared to lesion-free areas,'?* which is in agreement
with the accumulation of basic PR-2 proteins in and around lesions described by
Heitz et al.!>

Activity of the weakly ethylene-inducible Grl promoter of N. plumbaginifolia
is strongly induced (about 21-fold) as part of the HR of tobacco leaves infected with
the incompatible bacterium Pseudomonas syringae pv syringae and is localized
around the necrotic lesions.*!?” Induction of this promoter is much weaker in leaves
infected with the compatible bacterium Erwinia carotovora subsp carotovora or a
saprophytic strain of Pseudomonas fluorescens.*! The Gnl promoter is also induced
in a Cf-gene dependent manner in the interaction of transgenic tomato with incom-
patible and compatible races of the leaf mold pathogen Cladosporium fulvum.'>

Either no or weak and erratic RNA-blot hybridization signals for fGlu I mRNAs
have been detected in uninfected leaves of TM V-infected tobacco plants, indicating
that BGlu I induction is a local response associated with HR.?6-28,142,133,156

The PR-related class II and III BGlu are induced both locally in TM V-infected
leaves and systemically in noninfected leaves of the same plant.26-28:44142,153156-158 Gy
reporter gene studies have shown that the promoters of the tobacco class II PR-2b
and PR-2d are induced both locally around necrotic lesions on TM V-infected tobacco
and systemically in noninfected leaves.!?>128 The close correlation between systemic
induction of class II and class III BGlu has led to the use of these genes as markers
for SAR.13%-153 For example, reporter gene constructs based on the Arabidopsis BGlu
IT Bgl2 promoter have been used to isolate Arabidopsis SAR mutants such as cprl
(constitutive expresser of PR genes) and nprl (nonexpresser of PR genes).!>%!5!

Systemic accumulation of salicylic acid (SA) is associated with the HR of
tobacco, Arabidopsis thaliana, and certain other plants.!3%!5! Treatment of mature,
wild-type tobacco plants with SA strongly induces accumulation of mRNAs of PR-
related class IT and 11T BGlu and certain other PR proteins;'>*!58 and promoter activity
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of the class II PR-2b'> and PR-2d'*® genes is induced in response to SA. While SA
is probably not the long-distance systemic signal for SAR activation, it is required
for transduction of this signal in leaves distal to the primary infection site.!>*!3! Thus,
transgenic tobacco plants expressing a bacterial salicylate hydroxylase gene (NahG)
that fail to accumulate significant amounts of SA are unable to develop SAR and
do not show increased expression of SAR markers including class II and III BGlu.

Transcripts of tobacco class I BGlu and Chn are either not induced or only
weakly induced in response to SA.4132153158a.159 Tpy contrast to the tobacco class I
Gglb50 and GIb promoters, the promoter of the less related N. plumbaginifolia class
I Gnl promoter is strongly induced (about 14-fold) in transgenic tobacco plants
treated with SA.4!

3.4.3 Cis-AcTING ELEMENTS
3.4.3.1 Class | B-1,3-Glucanase Genes

Expression studies of the Gus coding region fused to deletion series of 5'-flanking
sequences have been used to identify regions of class I BGlu promoters important
for transcriptional regulation. Elements for responsiveness to SA, ethylene, and TMV
are present in the —0.45 to —1.5 kb region of the 1.5 kb tobacco Gglb50 pro-
moter.!>-15% The homeologous 1.6 kb tobacco GIb promoter confers proper regula-
tion to reporter gene expression in leaves, roots, seeds, and cultured
cells. 8196571124136 A more detailed analysis of the GIb promoter indicates that the
distal —1193 to —1452 region is required for high levels of expression in leaves and
for responsiveness to ethylene and TMV infection.'?* The distal region contains a
61-bp enhancer of transcription in N. plumbaginifolia protoplasts.'*® A slightly
modified 49-bp sequence from the highly homologous enhancer region of Bright
Yellow tobacco Gin2 gene!® is an ethylene-responsive element (ERE) essential for
ethylene responsiveness when combined with a minimal CaMV 35S promoter.!2¢
Enhancer activity and ethylene responsiveness depend on the integrity of two copies
of the AGC-box, AGCCGCC, present in the promoters of several ethylene-respon-
sive geneS‘126,138,160,160a

The same GIb deletion series has been used to analyze transcriptional regulation
of BGlu I in the micropylar endosperm of germinating tobacco seeds.”! The distal
—1452 to —1193 region, which contains the ERE, is required for high-level, ethylene-
sensitive expression; the regions —1452 to —1193 and —402 to 0 are important for
down-regulation by ABA; and the region —402 to —211 is necessary and sufficient
for micropylar—endosperm specific expression. The —402 GIb promoter is the short-
est fragment giving developmental regulated expression in seeds’' and leaves.!>* It
is not, however, the minimal promoter per se since the shorter —211 fragment confers
root-specific expression.'?*

Analysis of the N. plumbaginifolia class I Gnl gene has shown that a short —138
bp promoter is sufficient to confer full activity in transgenic tobacco leaves and is
more active than the —736 and —2000 promoters.'?’ The region —138 to —98 of the
Gnl promoter is sufficient for high-level response to Pseudomonas syringae pv
syringae infection.
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3.4.3.2 Class Il B-1,3-Glucanase Genes

Multiple regions of the approximately 1.7 kb tobacco class II PR-2b and PR-2d
promoters contain elements for inducibility by SA and TMV.!?>128 For the PR-2d
gene, this includes a major cis-acting element in the region —364 to —288, which
confers to a core CaMV 35S promoter high-level expression in response to SA.!'?

3.4.4 SIGNAL TRANSDUCTION AND TRANS-ACTING FACTORS

A putative ethylene receptor and several upstream components of the ethylene
signaling pathway have been identified.'¢!-'%* Far less is known about downstream
components closer to the activation of transcription. Nuclear factors from tobacco
leaves have been described that bind defined regions of the promoters of the class
I Gnl of N. plumbaginifolia,'*’ the class Il PR-2d of tobacco,'? and the class I Glb
of tobacco.!38153

Tobacco cDNA clones have been identified representing four novel DNA-bind-
ing proteins called ethylene-responsive element binding proteins (EREBPs) that
specifically bind the ERE AGC box.!?¢ The mRNAs of EREBP-1 and EREBP-2 in
the same class and EREBP-3 and EREBP-4, each in different classes, show distinc-
tive expression patterns in leaves, roots, and cultured cells, which are correlated with
the pattern of BGlu I expression. Accumulation of mRNAs for these EREBPs in
tobacco leaves is induced by ethylene treatment. Thus, it is likely that the EREBPs
are transcription factors important for ethylene-dependent, high-level transcription
of BGlu I genes.

The deduced amino acid sequences of EREBPs are not similar to those of
classical DNA binding proteins or transcription factors, i.e., they do not contain a
basic leucine zipper or zinc finger motif."?® The EREBP DNA binding domain is
highly homologous in sequence to a domain present in the APETALA2 (AP2)
protein, a regulator of meristem identity, floral organ specification, and seed coat
development.'** Recently, homologs of the tobacco EREBPs have been isolated
from Arabidopsis thaliana and tomato. The Arabidopsis EREBP, AtEBP, binds
specifically to TAAGAGCCGCC, an AGC-box containing sequence and confers
ethylene responsiveness to promoters of genes encoding PR proteins.'® AtEBP
interacts with ocs element binding factors (OBFs), belonging to a specific class of
basic-region leucine zipper (bZIP) transcription factors. This suggests that cross-
coupling between EREBP and bZIP transcription factors is important in regulating
plant defense-related gene expression.

Further evidence linking EREBPs with the defense response has come from an
analysis of the tomato Pto resistance gene against Pseudomonas syringae pv tomato.
Three tomato genes, Pti4, Pti5, and Pti6 have been identified that physically interact
with the Pto kinase.!® Each of these genes encodes a protein with characteristics
that are typical of transcription factors and are similar to the tobacco EREBPs. These
proteins specifically bind a DNA sequence present in the promoter region of a large
number of PR genes. These findings are of particular interest because they establish
a direct relationship between EREBPs, a disease-resistance gene, and the specific
activation of plant defense genes.
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In animals, plants, and fungi, cholera toxin (CTX) can activate signaling path-
ways dependent on heterotrimeric GTP binding proteins (G-proteins).'* Tissues of
transgenic tobacco plants expressing CTX show greatly reduced susceptibility to the
bacterial pathogen Pseudomonas tabaci, accumulate high levels of SA, and consti-
tutively express PR protein genes including PR-1 and the class II fGlu. In contrast,
the class I BGlu are not induced and display normal developmental and ethylene-
responsive regulation. In good agreement with these results, microinjection experi-
ments demonstrate that CTX or GTP-y-S induce the expression of a Gus reporter
gene regulated by the PR-1 promoter, but not by the class I GIb promoter. Micro-
injection and grafting experiments strongly suggest that CTX-sensitive G-proteins
are important in inducing the expression of a subset of PR genes and that these G-
proteins act locally rather than systemically upstream of SA induction.

Multiple signal transduction pathways in tobacco and Arabidopsis and “‘cross-
talk” between these pathways seem to be utilized to signal the induction of different
subsets of PR genes in response to different pathogens. One type of pathway depends
on ethylene and also leads to induction of the highly ethylene-responsive tobacco
class I BGlu and Chn.*80.139.161.166.167 The SA-dependent pathways associated with
SAR induction also activate expression of class II and III BGlu genes. These path-
ways appear to be ethylene-independent in tobacco and Arabidopsis.!3%141:150.151.168

Vidal et al.'® have recently identified an SA-independent pathway in the inter-
action between the soft-rot pathogen Erwinia carotovora subsp. carotovora and
tobacco. Treatment of tobacco with this bacterium or a sterile culture filtrate (CF)
containing elicitor(s) very rapidly induces local and systemic accumulation of tran-
scripts for PR-proteins including BGlu I, but not of acidic PR-1a, which, in contrast
to BGlu I, is induced by SA but not by ethylene.>!®® SA is not the signal molecule
leading to the early response of plants to Erwinia,'” since induction of BGlu I
transcripts in SA-deficient transgenic NahG tobacco plants and wild-type plants in
response to CF is comparable. Therefore, the induction of BGlu- and other PR-
protein genes by Erwinia and SA appear to involve two distinct pathways.

3.5 CONCLUDING REMARKS

Over the last 10 years, considerable progress has been made in understanding the
structure and regulation of plant BGlu. It is now recognized that species of higher
plants produce a broad range of BGlu differing in primary structure, cellular local-
ization, and catalytic activity. The most striking structural variation is the C-terminal
extension that distinguishes the vacuolar class I BGlu from the extracellular class 11
and III isoforms. This peptide is posttranslationally removed during intracellular
transport and is likely to contain a vacuolar targeting signal.

A major problem is establishing the biological functions of these BGlu and
understanding how intracellular localization and structure are related to these func-
tions. The available evidence suggests that different classes of BGlu have different
functions in plant-microbe interactions. For example, the class I BGlu, particularly
in combination with class I Chn, inhibit the growth of certain fungi both in vitro
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and when over-expressed in transgenic plants. On the other hand, the extracellular
BGlu have weak antifungal activity, but may be involved in releasing elicitors that
activate host defense reactions. These PGlu are also induced systemically after
infection. Their role, if any, in SAR is still an open question.

Several PR-like BGlu are localized in specific floral organs. Dissolution of the
callosic wall of microspores, which can be broken down by class I BGlu, is required
for pollen formation. Correlative evidence suggests that precisely regulated expression
of specific anther BGlu is required for this process. Direct evidence for a causal role
of these BGlu has yet to be established. The results of antisense experiments with the
stylar BGlu are inconclusive, and the function of these proteins in the conducting
tissues is not known. Class I fGlu show a novel pattern of expression and regulation
during seed germination and may have a role in weakening the endosperm to allow
the penetration of the radicle. Although there is a close correlation between BGlu I
induction and endosperm rupture under a variety of physiological conditions, direct
evidence for a causal role of these enzymes in germination is lacking.

Comparisons of the patterns of enzyme and steady-state mRNA accumulation
and reporter-gene experiments indicate that transcription is an important site of
developmental, hormonal, and pathogenesis-related regulation of BGlu genes. Nev-
ertheless, these studies do not rule out additional regulation — at the level of
translation or protein degradation, for example. Transcriptional regulation involves
multiple signaling pathways linking different signal molecules to the same and
different target BGlu genes. Promoter regions have been identified that are important
for responses to ethylene, SA, elicitors, and infection with viral and bacterial patho-
gens. The most interesting of these is the ERE present in class I fGlu and Chn genes
which is responsible for high-level expression in response to ethylene. Several
components of the ethylene-signaling pathway have now been identified, and studies
aimed at relating these components to the EREBP transcription factors will undoubt-
edly provide insight into the regulation and function of the BGlu.
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4.1 INTRODUCTION

Chitinases (EC 3.2.1.14) are ubiquitous enzymes of bacteria, fungi, animals, and
plants. They hydrolyze the -1,4-linkage between N-acetylglucosamine residues of
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chitin, a structural polysaccharide of the cell wall of many fungi and of the exo-
skeleton of invertebrates. The development of research in plant defense mechanisms
has led to a rapid and steady interest in chitinases, since they were the first pathogen-
induced proteins whose function was identified. Their substrate is present in the cell
wall of many fungi, as well as in insects and nematodes, which are major pathogens
and pests of crop plants.

Chitinases have been purified and/or cloned from many plants. As of September
1997, 145 sequences from 33 species were available in the EMBL database. Several
nomenclatures coexist for chitinases: as glycosyl hydrolases, as pathogenesis-related
(PR) proteins, as chitinase classes, and as gene families (Table 4.1). A classification
into three classes was introduced! and later extended to six classes,> based on
sequence comparisons. In parallel, the identification of several PR proteins as
chitinases® led to their inclusion into a new nomenclature of PR proteins.* PR-3
became the name for chitinases related to class I, while the unrelated class III
chitinases were assigned the name PR-8, and a new type of chitinases, the name
PR-11. PR-3 chitinases also correspond to the family 18 of glycosyl hydrolases, and
both PR-8 and PR-11 belong to family 18.5 Finally, a tobacco PR-4 protein, CBP20,
was characterized as yet another chitinase, leading to the inclusion of all PR-4
proteins into the current chitinase gene nomenclature. An extension of the gene
nomenclature could also include chitin-binding proteins, e.g., Chil for chitin-binding
lectins or Chir for chitin-binding receptors.

TABLE 4.1
Nomenclatures of Chitinases’
Family of Number
glycosyl Gene Chitin-binding  Catalytic of known
PR-Proteins  hydrolases name Class domain domain sequences?
PR-3 19 Chial I 1 ! 50
Chia2 IIb — I 11
Chia2 IIa — I 16
Chia4 v 1 v 24
Chia5 v 2 C 1
Chiab VI 1/2+Pro 1
Chia7 Vil — v 1
PR-8 18 Chibl I — 19
PR-11 18 Chicl I — 3
PR-4 Unassigned  Chidl I 1 7
Chid2 1I — 5

! The different nomenclatures are essentially equivalent, with the exception of class numbers. For
example, class V has been used simultaneously for proteins from three different families. Thus,
the family as well as the class should be indicated whenever confusion is possible: PR-3 class V
or Chia5 or class a5, PR-4 class II or Chid2 or class d2. Classes I, II, and IV are well established
for PR-3 chitinases, as well as class III for PR-8 chitinases.

2 September 1997.

© 1999 by CRC Press LLC



4.2 STRUCTURE OF THE PROTEINS

4.2.1 PR-3, A PranT-SpeciFic CHITINASE FAMILY (FamiLy 19,
GENEs CHIA)

The chitinases of this family share a common catalytic domain, the tertiary structure
of which has been determined for a barley seed chitinase.®’ This structure is mostly
a-helical and forms a globular domain with a groove where the catalytic residues
(two glutamates) can be found (Figure 4.1). There is a certain resemblance to the
fold of lysozymes, which has led to the suggestion of a common ancestry, despite
the lack of sequence homology.® The only nonplant example of this family comes
from the bacterium Streptomyces griseus.® Its singularity among bacterial chitinases

FIGURE 4.1 Catalytic domain of PR-3 chitinases. The structure of a barley class IIb
chitinase® was represented as ribbons (left) and as space-filling model (right), using the
program RASMOL. On top, the chitinase is shown from the front, emphasizing the cleft; on
the bottom, the chitinase is shown in a perpendicular view into the cleft. The catalytic
glutamates are shown in black. The loops 1 to 4, which are characteristic for the different
classes (see also Figure 4.2), are shown in light gray and labeled.
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and its close homology to the class IV chitinases from plants suggests a horizontal
gene transfer from a plant to the bacterium, followed by the acquisition of bacterial
domains and control elements.

The various classes of this family have first been defined according to sequence
homology and the presence or absence of a chitin-binding domain (CBD) (Figure
4.2). Class II lacks the CBD of class I. Class IV chitinases differ from class I by
several internal deletions within both chitin-binding and catalytic domains (loops 1,
3, and 4). Classes V and VI (one single sequence each) were defined based on the
presence of two CBDs in tandem, or the presence of a truncated CBD and a long
proline-rich spacer, respectively. Class VII, the latest addition, possesses a catalytic
domain homologous to class IV, but lacks the CBD. In hindsight, another classifi-
cation based on catalytic domains could have been more adequate, since they seem
more conserved than the presence of a CBD, which appears to have been lost several
times independently.

4.2.1.1 Class I Chitinases

The prototypes of this class are the tobacco basic chitinases.!® They are encoded by
four genes, two of which are strongly expressed. These chitinases are synthesized
as precursors with an N-terminal signal sequence which directs them to the secretory
pathway. Most class I chitinases also have a C-terminal propeptide, which is required
for their targeting to the vacuole.'! Within the mature protein, the N-terminal CBD
is linked to the catalytic domain by a spacer, variable both in length and sequence,
but usually rich in proline or glycine. In the case of the tobacco chitinases, the spacer
was shown to be modified by hydroxylation of some of the prolines.'? The function
of this modification is unclear. It may be due to an accidental sequence similarity
between the spacer and secreted hydroxyproline-rich glycoproteins. Another modi-
fication has been found in a single potato chitinase which has an N-glycosylation
site and is indeed glycosylated.!® Based on the comparison of the different classes,
four dispensable loops can be distinguished (Figure 4.1). Loop 1 is located in the
prolongation of the catalytic cleft. It is suggested that it provides a sugar-binding
subsite. Loop 2 is held at the base by a disulfide bond and, in the crystal structure
of barley class II chitinase, it extends away on one side of the catalytic cleft. The
other two loops 3 and 4 fold together on an outer surface of the enzyme, away from
the catalytic cleft. Loop 4 is actually the C-terminus of class I or II chitinases,
following the last cysteine which forms a disulfide bond. Loop 3 holds loop 4 in
place, such that the C-terminus of loop 4 is located on the surface of the protein.

4.2.1.2 Class Il Chitinases

The tobacco pathogenesis-related proteins P and Q were identified as chitinases?
and became the prototypes of class II. They lack a CBD and also have an internal
deletion that removes loop 2 (Figure 4.2). Related chitinases has been found in
monocots and dicots, and even in a pine. A major flour protein from barley was
identified as another class II chitinase.!* This is the only PR-3 chitinase that has
been crystallized (Figure 4.1). It is most closely related in sequence to a class |
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Tobacco al;1l
Barley al;2
Tomato a2;1
Barley a2;1

Barley a2; 2
Tobacco a2;1
P.strobus a2;1

Bean ad;1l
Maize a4d;1l
P.glauca a4;1l
Rice a7;1

Nettle® a5;1

Nettle a5;1

Beet a6;1
S$S-bonds

Tobacco al;1l
Barley al;2
Tomato a2;1
Barley az2;1

Barley a2;2
Tobacco a2;1
P.strobus a2;1

Bean a4;1
Maize a4;1
P.glauca a4;1

Rice a7;1
S.griseus

Nettle a5;1
Beet a6;1
S$S-bonds

Tobacco al;1
Barley al;2
Tomato a2;1
Barley az2;1l

Barley az2;2

Tobacco az2;1
P.strobus a2;1
Bean a4d;1
Maize ad;1l
P.glauca ad;1l
Rice a7;1
S.griseus

Nettle a5;1

Beet a6;1
SS~bonds
Loops
Intron 1

1
EQCGsQaGGarCasgLCC8kfGWCANTNdYCGPGENCQ-SQOCPGgptppay
gQCGsQaGGatCpncLCC8rfGyCAsTsdYCGaG-CQ-SQCsGegptppgpspg~--—--—

gqréGsgggggtCpalwCC8iwGwCGdsepYCA@rt-Ce-nkCwsgersd--------~--—-
hrCGaavgnppCggdrCC8vhewCGggndYCsgskCQ-yrCsssvrgprvalsgnstan-
————————————————————— vgCGrg-CnttdtnCl-sgCsvgr...90 Pro/ 130 aa
N — 1
| ———| =

61 120
GdlgSiISsSmMFDQMLKHRNDNaCggKG-FYSYnAFInAarsFPgFGTsGDttaRKRELIA
GgvsSiISrdlFeQfLl1HRAr--CgdaagFYTYDAFlaAaatFPaFGTTGs teTRKQEVA
qniSSLISknLFeriLVHRNDraCgaKG-FYTYeAFItAtktFaaFGTTGDtnTRNkEIA
~-svS8SivSragFdrmLLHRNDgaCqgaKG-FYTYdAFvaAaaaFPgFGtTGsadagKREVA

QgvGSVITrsvyasMLpnRdns1CParG-FYTYDAFIaAaNtFPGFGTTGsaddiKrELA
QgiGSIVTndLFneMLknRNdgrCPanG-FYTYDAFIaAaNSFPGFGTsGDDTARrKEiA
QgvaSIisedvFhgfLkhRNddaCsakG-FYTYsAFIaAaNSFPAFGniGDgdsRKrELIA

nvnadIlTadFl1-NGIIdQadsgCaGKn-FYTRAAFLsAInsYt3dFGrvGSeddsKREIA
anvanvVTdaFF-NGIknQagsgCeGKn~-FYTRsAFLsAvnaYPgFahgGtevegKREIA
-svggIisqsFP-NGlaggagssCeGKg-FYTynAFiaAanafsgFGttGSndvkKRELA
~svesvVTeaFF-NGIknQapngCaGKs-FYTRgsFLnAarsYsgPandrtnddsKREIA
-gegpggnngFv-vseagfngmfpnrna-FYTykgltdAlsaYPaFaktGSdevkKREaA

signvvvteplFdgmfshrkd--Cpsqgg-F¥syhsFlvAaetfPeFGntGndeirKrEiA
thltdiiseemFnefllnrigqprCpgrw-FYTyqAFitAaesfPaFGtiGdvatrKrEvA
I

121 * * 180
AFfaQTSHETTGGWaTAPDGPYaWGYCwlrEqgsp--gdYCtP--SgQWPCapGr-KYEG
AFfgQOTSHETTGGWaTAPDGPYSWGYCYyrrElgsp--pd¥YCqP--SsQWPCvadr-q¥YYG@
AFLaQTSHETTGGWaTAPDGPYSWGYCYnrEQGsP~~-gDYCas-~-sQQWPCaPGK-kYfG
AFLaQTSHETTGGWaTAPDGafaWGYCFKgErGas~--sDYCtp--saQWPCaPGK-rYyG

AFFGQTSHETT@G@trgAaD-gqFQWGYCFkeEIska~—-~~---—-——-——-——- tSp-pYYG
AFFGQTSHETTGGs 1SA--epFtGGYCFVRONAQ-~—-~=-——~~—-——-—— -~~~ Sd-rYYG
AFFGhTSQETTGGWp tApDGpyawGYCFkdQvnst—————-—-—-—--~— o~ d-r¥YrG
AaFaHfTHET------—--——-—-——-— GhFCYIEEIdGask-dY¥CDeesiaQYPCsssK-gYhG
AFFaHVTHET------——-~—-—-—-— GhFCYISEIn--ksna¥CDa-snrQwPCaagqg-kYyG
AFFanvmHET------—-—--—-—— GglCYInEknppmk--¥Cgs--sstwPCtsGK-sYhG
AFFaHVTHET GhmCYInEInGanm-d¥YCDk-snkQwPCgpGK-kYyG
AFlanvsHET GglfYIkEvneanyph¥CDt--tgsYgCpaggaa¥yG

APlahisga®TsGersdven-phawglChintttvten-dfCt---ssdwPCaagk-k¥sp

AFfgqtsHETsG-eptAghGpftwgyCfieEigagplsqgY¥Cap--svewPCirgr-£f¥yg
]
<- loop 1 -> <- loop 2 ->
A

FIGURE 4.2 Continued on next page.
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181 ! ! 240
Tobacco al;1l RGPIQIShNYNYGPcGRaIGVDLLNNPDLVATDPVISFKsSAIWFWHMTPQSPK-PScHDVI
Barley al;2 RGPIMlISWNYNYGPaGRaIGVDLLNNPDLVATDatvSFrtAlWFWNMTPQanK-PSsHaVv:
Tomato a2;1 RGPIQISYNYNYGaaGsaIGvnLLNNPDLVANDaVvSFRTALWFWNTaQgPK-PS8aHDVI
Barley a2;1 RGPIQlShNYNYGPaGralGvDLLaNPDLVAtDatvgFKTAiIWFWNMTaQpPK-PSsHavl
Barley a2;2 RGPIQLTgrSNYdlaGraIGkDLVsNPDLVsTDavvSFrTANMWFWNMTaQgNK-PSsHnVa
Tobacco a2;1 RGPIQLTnQOnNYekaGnalrgDLVnNNPDLVATDatiSFRTAIWFWMIpQdNK-PSsHDVI

P.strobus a2;1

RGPIQLTgdyNYkaaGnalGyDLinNPDLVATDatvSFRTAVWFWMTaQspK-PScHDVI

Bean ad;1l RGPIQLSWNENY¥GpaGsannFDGLgaPetVsnDvVvsFKTALWYWMghVrp---------
Maize ad;1l RGPLQISWNYNYGpaGrdiGFnGLadPnrVAqgDaViaFKTALWFWMnnVhg--—-------
P.glauca a4;1 RGPLQLSWNYNYGavGkSiGFDGLnnPekVgkDpttssKTAVWFWMknrnc--—----—---—
Rice a7;1 RGPLQiSWNINYGpaGkniGFDGLrdPAkVAgQDptisFRTALWFWMnnVhgq---—--———-
S.griseus RGPiQLSWNfNYkaaGdal@inlLanPylVegDpavawKTglWyWnsgngp------———
Nettle a5;1 RGPiQlthnfNYglaGgaiGeDligqnPdlVekDpiisFRtAIWFWMsghdnK-PScHDiv
Beet a6;1 RGPvQltwnfNYgkgvkhlGlD11lfnPdivVAhDpvisFetAiWFWMtpegnK-PSsHeVI
P.taeda 0:1 o i e e nsaadhaeylsenatlaFaaAiWrWMtpmkvKgP SaHgVm
Loops <- loop 3
Intron 2 A
241 300
Tobacco al;1l iGrWgPSsADraanR1PGfGVITNIINGGLECGrGtDsRVGD-RIGFYrRYCsiLGVs -~
Barley al;2 TGQWtPtaADtaaGRVPGYGVITNIINGGLECGrGaDsRVaD-RIGFYQRYCniLGVy-—
Tomato a2;1 TGrWsPSvADsapGRVPGFGVITNIINGGMECnsGSNalmdn-RIGFYrRYCQILGVd--
Barley a2;1 aGQWsPSgADraaGRVPGFGVITNIINGGIECGhGgdsrVaD-RIGFYKRYCAILGVg--
Barley a2;2 lrrWTPtaADTaagRVPGYGVITNIINGGlECGmMGrNdanvD-RIGYYtRYCGMLgta-—
Tobacco a2;1 iGsWTPSaADgsaNRaPGcGVITNIINGGiECGVGpNaaVED-RIGYYRRYCGMLNVa--

P.strobus a2;1

1GrlTPSvtDTaagRVaGYGmMITAdIINGGPECGtGtisdvggqgRIGEYQRY CKkMLgVA - -

Bean ad;1l ~—---mm - —— VinQGFGaTIRaINGalECdGaNpttVga-RVnYYteYCrQLGVa--
Maize ad;l ~—----mmmmmm VnpQGFGaTIRaAaINGalECNGnNpagmNa-RVgYYkqYCQQLrvd--
P.glauca ad;l --------- hsaitsgkGlGgTIkaINs-mECNGgNsgeVNs-RVnYYkkiCsQLGVA--
Rice a7l ————mmmm e VmsQGFGaTIRaINGalECNGkNpgaVNa-RVnYYkdYCrQfGVs-—-
S.griseus ----gtmtphnaivnnaGFGeTIRsINGalECNGgNpaqVgs-RinkftqgftqgiLGtt--
Nettle a5;1 ln----—-—- AnsaanripnkGvigniIsrafghd--dfavrss-sigf¥kryYCdmLgVs--
Beet a6;1 tGgWtPtpADiarnrlpGyGlitnifNGalECgthgpdnrgenRiqfYqrYcdlLdvs--
P.taeda 0;1 vGkWvPtknDtealrlpGfGmtinilkadaECgtdsddkgmntRiahY¥ldfldhmdvgre

$S-bonds |

Loops loop 3 ->

FIGURE 4.2 Continued. Examples for chitinase classes of the PR-3 family (hydrolase
family 19, gene name Chia). The only nonplant chitinase from this family, from the bacterium
Streptomyces griseus, is also shown. Residue conservation within a class is indicated in bold
(>75% of known sequences) and in capitals (>50% of known sequences). Gaps are indicated
with —. Disulfide bonds, the loops 1 to 4, the position of introns ( ), and the C-terminal
propeptides (CTPP) are indicated below the sequences. The CTPP processing site of tobacco
Chial,1 is indicated ( | ). The catalytic glutamates (*) and other residues shown by chemical
modification or mutagenesis to be involved in substrate binding (!) are indicated above the
sequences. Both N-terminal chitin-binding domains of the nettle Chia5;1 are shown.

chitinase from the same plant. It was the first example of a heterogeneous collection
of class II chitinases with less homology to the pathogen-induced class II chitinases
than to class I. Sequence comparisons suggest that the CBD has been lost several
times independently by various class II chitinases. The pathogen-induced class II
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chitinases form a distinct subclass of higher homology and the diagnostic internal
deletion of loop 1. To distinguish them from the other class II chitinases mentioned,
it is suggested to call them class Ila; the others could be called class IIb.

4.2.1.3 Class IV Chitinases

The bean chitinase originally called PR-4" is the prototype of this class. Its low
homology to the former two classes prevented an identification by DNA hybridiza-
tion and also explains the lack of serological relatedness. No member of this class
has yet been identified in tobacco, the reference plant for PR proteins, but if looked
for, there is little doubt that genes would be found, since this class has been found
in monocots and dicots, and a related gene has recently been found in spruce. The
diagnostic features of this class are several deletions (Figure 4.2). A loop is missing
in the CBD, without affecting its sugar-binding properties. Within the catalytic
domain, there are three deletions. The loss of loop 1, located in the prolongation of
the catalytic cleft, probably means the loss of a sugar-binding subsite. This could
allow these chitinases to hydrolyze a glycosidic bond closer to the surface of a
pathogen. The coordinated loss of loops 3 and 4 reduces the volume of the protein
on an outer surface away from the catalytic cleft. The consequences of this change
are unknown.

4.2.1.4 Class V Chitinases

This class is represented so far by a single protein. When the cDNA for the precursor
of stinging nettle (Urtica dioica) lectin was cloned, it was a big surprise to discover
that the precursor was synthesized as a chitinase homolog with two CBDs. !¢ Expres-
sion of the catalytic domain in E. coli led to a small increase in chitinase activity.
Sequence comparison indicates, however, that this protein is unlikely to have any
catalytic activity, since both catalytic residues are mutated. No chitinase activity
could be detected upon transient expression in plant protoplasts (B. Iseli and J.-M.
Neuhaus, unpublished observation).

4.2.1.5 Class VI Chitinases

The only class VI chitinase known so far was isolated from sugar beet.!” Its heavily
truncated CBD lacks four out of eight cysteines and can at best form a single correct
disulfide bond instead of four. The absence of any aromatic residue further reduces
the possibility of binding sugars. On the other hand, this chitinase possesses by far
the longest spacer sequence known, a stretch of more than 135 amino acids, of which
90 are prolines. This suggests a role as a cell wall protein, which are typically rich
in proline and hydroxyproline. The catalytic domain includes the catalytic residues
and the four loops described above and is expected to be active.

4.2.1.6 Class VII Chitinases

A rice chitinase without CBD but with a catalytic domain highly homologous to the
domain of class IV chitinases was recently cloned (Y. Itoh, Acc. AB003194). The
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Chitinase Nomenclature Commission has decided to give this type of chitinase a
new class name, by analogy with class II, which also lacks the CBD compared to
the related class 1.

4.2.1.7 Unclassified Chitinases

Several partial sequences have been obtained from various plants by PCR, using
primers derived from highly conserved motifs. Without knowledge of the presence
of diagnostic domains and/or loops, they cannot be classified.

The cDNA clone from the loblolly pine (Pinus taeda) is a special case because
it includes several short open-reading frames before the last longer frame, which
encodes a heavily truncated catalytic domain.'® It lacks the whole part containing
the catalytic residues and the loops 1 and 2 but contains the highly conserved WxWM
motif and the last disulfide bond, the loops 3 and 4. This truncated domain is followed
by an additional sequence containing four cysteines and is without homology to
known proteins. The authors have excluded the possibility that they isolated an
artifactual double clone, but the role of such a complex mRNA is unclear.

4.2.2 Famiy 18, THe UBiQuitous CHITINASE FamiLy

This family has been found in both bacteria and eukaryotes, in fungi, animals, and
plants. It includes endochitinases, exochitinases, and N-acetylglucosaminidases (EC
3.2.1.96). The members of this family have a common tertiary structure, an (o/3),
barrel. The most conserved sequence elements are two short segments corresponding
to the two B-strands containing the catalytic residues.

Several bacterial and eukaryotic chitinases also have additional domains. The
yeast (Saccharomyces cerevisiae) chitinase possesses a Ser/Thr-rich linker and a C-
terminal CBD (unrelated to the plant CBD), which is needed to retain this secreted
enzyme on the yeast’s own cell wall.'” Another yeast, Kluyveromyces lactis, produces
a killer toxin, one subunit of which includes a chitinase domain and a CBD which
is related to the plant CBD of family 19 chitinases.?’ Several bacterial chitinases
also have an N- or C-terminal CBD.

Plants have two subfamilies with very little sequence homology apart from the
two mentioned strands: the PR-8 (or class III) and the PR-11 chitinases.

4.2.3 PR-8/Crass Il cHITINASES

These chitinases were first described as lysozymes.?! A cucumber chitinase was
purified and cloned,?? soon followed by many others (Figure 4.3). A major protein
of Hevea brasiliensis latex, hevamine, was identified as a dual lysozyme and chiti-
nase.” It was crystallized and the structure could be determined.?* This structure
was similar to the simultaneously published structure of a bacterial family 18 chiti-
nase.” Despite the low sequence similarity, they both had the same (a/B)g barrel
with a groove at the C-terminal end of the B-strands, with the two most conserved
sequence elements lining the groove and presenting the catalytic residues (Figure
4.4). All plant chitinases of this class have very similar sequences, but differ widely
in isoelectric points. The cucumber chitinase is acidic, as is one of the two tobacco
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Tobacco bl;1
Hevea bl;1
Sesbania bl;2
ConB bl;l
Cucumber bl;l
Cucumber bl;2
Cucumber bl;3
Maize bi;l
88 bonds
Tobacco bl:l
Hevea bl;1
Sesbania bl;2
ConB bl;1
Cucumber bl;l
Cucumber bl;2
Cucumber bl;3
Maize bl;1l
$S bonds
Intron 1
Tobacco bl;1
Hevea bl;1
Sesbania bl;2
ConB bl;1
Cucumber bl;1
Cucumber bl;2
Cucumber bl;3
Maize bl;1
SS bond
Intron 2
Tobacco bl;1
Hevea bl;l
Sesbania bl;2
ConB bl;1l
Cucurber bl;1
Cucumber bl;2
Cucumber bl;3
Maize bl;1
$S bond
Tobacco bl;1
Hevea bl;1l
Sesbania bl;2
ConB bl;1l
Cucumber bl;l
Cucumber bl;2
Cucumber bl;3
Maize bl;1
Sesbhania bl;2
Cucumber bl;2

FIGURE 4.3 Examples of chitinases of the PR-8 family (hydrolase family 18, gene name
Chib). Residue conservation is indicated in bold (>75% of known sequences) and in capitals
(>50% of known sequences). Gaps are indicated with —. Disulfide bonds, intron positions
(), and C-terminal propeptides (CTPP) are indicated below the sequences. The catalytic
aspartate and glutamate (*) and the two B-strands (!) conserved in family 18 chitinases (PR-

1 60
AGAIVIYWGQNGNEGSLadTCaTnNYaiVNIAFLVVFGNGQn-PVLNLAGHCdPna-gac
.GGIAIYWGQNGNEGtLELgTCsTrkY¥syVNIAFLNkFGnGQT-PgiNLAGHCNPaa-ggC
easTgvnWGQNkrEGSLssTCAdsGNYdtVhlgyLnvFGeGri-PsgNfgGHCggyr-NpC
steIAVYWGQ-redGlLrdTCkTnNYkiVEIsFLAkFGceirkPeLeLeGvCgPsvgNpC
AAaGIAIYWGQNGNEGSLasTCaTGNYefVNIAFLSSFGsGQa~-PVvLNLAGHCNPAn-NgC
AaGIAIYWGQNGNEGSLasTCaTGNYefVNIAFLsSSFGSGQT-PVLNLAGHCnPdn-NgC
AaGIgIYWGONGNEGSLasTCaTGNYefVNIAFLsSSFGgGQT-PVLNLAGHCnPdn-NgC
AGnIAVYWGQNGNEGSLadaCnsGlYayVNIAFLttFGNGQT-PVLNLAGHCdPgs-gsC

RN

61 120
TglSndIraCQnqGIKVmLSLGGGaG@sYfLsSaDDArnVANYLWNNYLGGQSn tRPLGDA
TivSngIrsCQigGIKVMLSLGGGiG@sYtLaSqaDAKNVAdYLWNNFLGGkS S SRPLGDA
TilepqIghCQQkGIK1fLSLGGPYGAYSLCcSrrDAKQVANY LyNNFLSGQy-~gPLGsSV
sflesqgIkeCQrmGvRViLaL@GpkGtYSacSaDyAkdlAeYLhtyFLserre-gPLGkvV
aflSdeInsCksqnvKV1LSiGGGaGsYSLsSaDDAkgVAnfiWNsyLGGQSASRPLGaA
afvSdeInsCQsqnvKV1L8iGGEGVErYSLsSannAkgVAg fLWNNYLGGQSASRPLGDA
TilSneInsCQsgqnvKVILB8iGGGtGsSYSLySaDDAkeVAnfiWNsyLGGQSASRPLGDA
TggSsdIgqtCQRs1GIKVILSiGGasGsYgLsStDDAnsVAGYLWANFLGGsgs SRPLGaA

A

180
VLDGIDFDIE-gGttghWDeLAktLsg--fsqgg--rkVYLtAAPQCP{PDtwLNngaAlsTG
VLDGIDFDIE-hGSt1lyWDDLAryLsa--yskqg-kKkVYLtAAPQCPfPDryLgtAlnTG
tLDGIDleIk-g@SnryWDDLAneLas~--lkshny-qfsLsAvPQCamPDyyLDrAIgTG
aLDGIhFDIgkpvdelnWbnLleeLyqikdvyg--stf1LsAAPgClsPDeyLDnAIQTY

VLDGVDFDIE-sGSggfWDvLAgeLkn--fgg----- ViLsAAPQCPEPDagLDaAIrTG

VLDGVDFvIg-fG@SgqfWDVLAreLks--£fgg----- ViLsAAPQCPiPDahLDaAIkTG

VLDGVDFDIE-fGSdqfWDVLAgeLks--fgg--~-- ViLsAAPQCPiPDahLDaAIXrTG

VLDGIDFDIE-nGgsahyDDLAnaLkg--kgs----- V1LtAAPQCPyPDasLgpAlqTeG
A

181 240

LFDYVWVQFYNNPPCQYSgGsad-NLknyWNQWn-aiga--gkiFLGLPAaggAAgSG-£
LEDYVWVQFYNNPPCQYSSGNin-NiinSWNrWTtsina--gkiFLGLPAapeAAgSG-y
VFDAdilVQFYNsPtCQYSrGNte-rL1dSWNgWasvgeafnstvym@LaASpemspfGgy
hFDYifVrFYNdrsCQYStGNig-rirnaWlsWTksvyprdknlFLeLPASqatApgGgy
LFDsVWVQFYNNPPCmY-adNad-NL1sSWNQWTafpt---sklymGLPAareAApSGgf
LFDsVWVQFYNNPPCmf-adNad-NL1sSWNQWaaypi---sklymGLPAapeAApS8Ggf
LFDsVWVQFYNNPsCmY-adNtd-dilsSWNQWaaypi-~-lklymGLPAapeAApSGgf
gFDnVWiQFYNNPgCaYanGddt-NLvnaWNtWTssita--gs fyLGVPASpGAARgSGtLS

S —

241
IPsDVLVSQVLPlI-ngSpKYGGVMLWSkfyD--nGY¥SsaIKanV*
VPpDVLi8riLPeI-KkSpKYGGVMLWSKkfyDdkgn¥S8ssI1dsV. ..
IgprVLt8eViPfv-KngpnYGGiMLWSRyyDigqng¥8dkIKpylsny---vwgsvteai
IPpsaLigQVLPyIpdlqtyaaGiaLWnRgaDketGYStnIiryln*
IPaDVLiSQVLPtI-KaSsnYGGVMLWSkafD--nGYSdsIKgSig*
IPaDVLiSQVLPLI-KtSsnYGOVMLWSkafD--nG¥SdaIkgrillkkssycygvrrlt
IPvDeLiSeVLPtI-KaysnYGGVMLWSkafD--nGY¥SdaIkdSiyglkgss*
tPa~-LtgtViPaI-rgignY¥GGiMvWARENDvgNnYSsqvkKgsSv*

< CTPP

300

301
seaasaalhrilh-kpyvattpti*
mathlplsleieqvlv*

CTPP ->

8 and PR-11) are indicated above the sequences.
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FIGURE 4.4 Catalytic domain of PR-8 chitinases. The structure of a Hevea class III** is
represented as ribbons (left) and as space-filling model (right) using the program RASMOL.
On top, the chitinase is shown from the front, emphasizing the cleft; on the bottom the chitinase
is shown in a perpendicular view into the cleft. The catalytic glutamate and aspartate are
shown in black.

chitinases, but the “acidic” chitinase from Arabidopsis®® is basic, as is the other
tobacco chitinase. One member of this family, concanavalin B, seems to have lost
its catalytic activity and to have turned into a storage protein.?’

4.2.4 PR-11 CHITINASES

A new type of chitinase from tobacco was purified using a zinc affinity column and
subsequently cloned.?® It was simultaneously cloned by another group,? using an
anonymous probe isolated long ago® from a library of pathogen-induced cDNA
sequences. The field of chitinases might have developed differently had this probe
been chosen for detailed scrutiny eleven years ago. This chitinase now stands as an
erratic block among the numerous examples of other plant chitinase families. The
only other related sequence is an uncharacterized EST sequence from Arabidopsis
thaliana (Figure 4.5). The next most related sequences belong to bacterial chitinases,
e.g., from Bacillus circulans (31% identity) and Serratia marcescens (26%). Lower
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1 60
Tobacco cl;l ONV-KGGYWFKDSGLALNNIDSTLFTHLFCAFADLNPQLNQLIISPENQDSFRQFTSTVQ
Arabidopsis cl;1 QTVVKASYWFPASEFPVTDIDSSLFTHLFCAFADLNSQTNQVTVSSANQPKFSTFTQTVQ

61 ARRERRRN Prerei*erx 120
Tobacco cl;1l RKNPSVKTFLSIAGGRANSTAYGIMARQPNSRKSFIDSSIRLARQLUGFHGLDLDWEYPLS
Arabidopsis cl;1 RrNPSVKT1LSIGGGIAdKTAYa.MAsnPt.RKi

121 180
Tobacco cl;1 AADMINLGTLLNEWRTAINTEARNSGRAALLLTAAVSNSPRVNGLNYPVESLARNLDWIN
Intron 1 A
181 240
Tobacco cl;1 LMAYDFYGPNWSPSQTNSHAQLFDPVNHVSGSDGINAWIQAGVPTKKLVLGIPFYGYAWR
241 300
Tobacco cl;1l LVNANIHGLRAPAAGKSNVGAVDDGSMTYNRIRDY IVESRATTVYNATIVGDYCYSGSNW
301 173
Tobacco cl;1 ISYDDTQTVRNKVNYVKGRGLLGYFAWHVAGDONWGLSRTASQTWGVSSQEMK
Intron 2 A

FIGURE 4.5 Chitinases of the PR-11 family (hydrolase family 18, gene name Chic). One
of two tobacco sequences and an Arabidopsis EST sequence are shown. Gaps are indicated
with —. The position of introns ( ) is indicated below the sequences. The catalytic aspartate
and glutamate (*) and the two B-strands (!) conserved in family 18 chitinases (PR-8 and PR-
11) are indicated above the sequences.

homology could be found to invertebrate and vertebrate chitinases. While all these
proteins were classified as family 18 of the glycosyl hydrolases, there is very poor
sequence similarity to the PR-8 family. The only conserved sequence elements are
the two neighboring -strands, the second of which contains the catalytic residues.

4.2.5 OTHER RELATED PROTEINS

There is another group of plant proteins with sequence and structure homology to
the family 18 chitinases. They are storage proteins of legumes, known as narbonins
(from Vicia narbonensis).! The cDNA sequences predict proteins without signal
sequence, and are thus cytosolic. They also have lost the catalytic residues.

4.2.6 THe PR-4 FaMiLY
4.2.6.1 Class I: Hevein and the Win Proteins

Hevein is a small antifungal protein found in high concentration in the latex fluid
of the rubber tree (Hevea brasiliensis).’* The three-dimensional structure of hevein3?
is similar to each of the four domains of wheat-germ agglutinin and other cereal
lectins.’* cDNAs encoding wound-induced proteins (hence called Win) were cloned
from potato. The proteins were found to include a CBD related to hevein, the cereal
chitin-binding lectins, and the CBD of class I chitinases.? The cDNA sequence for
the hevein precursor revealed a high homology to the potato Win proteins (Figure
4.6). In fact, the rubber tree latex also contains the unprocessed precursor as well
as the processed second domain.?¢
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1 60

Tobacco dl;1l QQCGRQRGGALCsGNLCCSQFGWCGSTPEYCSPSQGCQS0Csgg999g9gggaggggAgN
Hevea dl;1 eQCGRQaGGKLCpnNLCCSQwGWCGSTJAEYCSPAhnCQ8nCkdsgegvgg. . ... gSAsN
Tobacco dz;1 ceeeniesirsinoans tieevecsievsnrnen. R T T T gSAtN
Barley A2;1 Leeenviseioeinoan tediasanseiensn B iaea e eqAnd
SS-bonds | | 1
| P [P —
61 120
Tobacco dl;1 VRATYHiYNPQNvgWDLYy..AVSAYCsSTWDgNKPLaWRrKYGWTAFCGPVGPRGrDSCGK
Hevea dl;1l V1ATYHE1YNsQdhgWDLn..AaSAYCSTWDANKPYsWRsKYGWTAFCGPVGAhGQsSCGK
Tobacco d2;1 VRsTYHIYNPONinWDLr..AaSAfCATWDAJKPLaWRGKYGWTAFCGPaGPRGQDSCGr
Barley d2;1 VRATYHYYrPaginWDLgapAVSAYCATWDASKPLSWRsKYGWTAFCGPaGPRGQaACGK
SS-bonds | ]
.
121 180
Tobacco dl;1 CLRVTNTGTGAQTTVRIVDQCSNGGLDLDVN.VFrQlDTDGrGnQrGHLiVNYeFVNCgD
Hevea dl;1 CLsVTNTGTGAKTTVRIVDQCSNGGLDLDVN.VFrQlDTDGKGYerGHi tVNYQFVACGD
Tobacco d2;1 CLRVTNTGTGtQTTVRIVDQCSNGGLDLDVN.VFnQlDTnGvGYQQGHELtVNYeFVNCnD
Barley d2;1 CLRVTNpaTGAQiTaRIVDQCaNGGLDLDwAtVFLkIDTNGiGYQQGHLNVNYQFVACYD
55-bonds ] |
|
Intron 1 A
181 196
Tobacco dl;1l NmNvLvSpvDke*
Hevea dl;1l sfNpLfSvmkssvine*

<- CTPP ->

FIGURE 4.6 Examples for chitinase classes of the PR-4 family (gene name Chid). Residue
conservation is indicated in bold (>75% of known sequences) and in capitals (>50% of known
sequences). Gaps are indicated with —. Disulfide bonds and the position of the intron () are
indicated below the sequences.

So far, a single protein of this family, the tobacco CBP20, was found to have
chitinase activity.’” This was the reason for including the PR-4 family in a chitinase
nomenclature.

4.2.6.2 Class ll: Defense-related Proteins

A protein named PR-4 was among the classical pathogenesis-related proteins of
tobacco. Once cloned from tobacco and tomato, PR-4 homologs were found to be
homologous to the Win proteins, but lacked the CBD.*%* Their functions and
possible catalytic activities are unknown. The three-dimensional structure of a barley
PR-4 protein has been determined.*’ It is a compact domain without obvious catalytic
cleft or catalytic site (Figure 4.7).

4.3 CATALYTIC MECHANISMS AND SPECIFICITIES

Chitinases are endo-f-1,4-glucosaminidases. They hydrolyze the B-glycosidic bond
at the reducing end of glucosaminides, which can be parts of various polymers, such
as chitin, chitosan, or peptidoglycan (Figure 4.8). The activity of chitinases has been
assessed with a variety of substrates and test conditions. This is due to the insoluble
nature of chitin, a B-1,4-polymer of N-acetylglucosamine that is found in a variety
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FIGURE 4.7 Catalytic domain of PR-4 chitinases. The structure of a barley Win protein*
is represented as ribbons (left) and as space-filling model (right) using the program RASMOL.
The glutamates and aspartates, one of which could be involved in catalysis, are shown in black.

of environments and arrangements. Enzymatic tests are usually based on an artificial
substrate obtained by acetylation of chitosan, a soluble, partially deacetylated deriv-
ative of arthropod shells.*'#?> This creates a colloidal suspension with different prop-
erties for each batch. The soluble reaction products are measured either by radioac-
tivity or by photometry. The hydrolysis reaction is not linear in time or with enzyme
concentration, which imposes an extrapolation to low enzyme concentrations. Other
artificial substrates can be used, with different results: glycol-chitin, chitosan, defined
chitooligosaccharides, nodulation (Nod) factors (which are modified chitooligosac-
charides), 4-methyl-umbelliferyl-chitotriose (MUCT), or Micrococcus lysodeikticus
cells. The last two substrates are better known as lysozyme substrates, and some
plant chitinases have indeed first been described as lysozymes.?'*3 Glycol-chitin and
MUCT can be used to detect chitinases in gels after electrophoresis under nondena-
turing conditions.** A manuscript comparing the specific activities of nine tobacco
chitinases from all four families and five different classes against several substrates
is in preparation (M. Legrand, personal communication).

4.3.1 CATALYTIC MECHANISM OF FAMILY 18 CHITINASES

Glycan hydrolases can use two different mechanisms of catalysis, retaining or
inverting the anomeric configuration at the newly formed reducing end.’ Recent
studies reveal that chitinases use either hydrolytic mechanism. Growing information
about 3-D structures is available. Several bacterial chitinases and endo-B-N-acetyl-
glucosaminidases, as well as the plant class III chitinase hevamine, all belonging to
family 18 of glycosyl hydrolases, use a retaining mechanism producing the f3-
anomer, like hen egg white lysozyme. This catalytic mechanism requires, in general,
the presence of a protonated and a deprotonated acidic residue as found in lysozymes,
for example. The plant chitinases have only a single acidic residue (Glul27 of
hevamine) at the active site (Figure 4.4). The reaction mechanism has been proposed
to involve substrate-assisted catalysis, with the N-acetyl group of the —1 sugar
forming an oxazolium intermediate with the glycosidic hydroxyl. This model is

© 1999 by CRC Press LLC



AW A,
b

HO
\ OH NH,

fo) R
C o’ o
OH Y ’ OH
HO (o] o)
OH NH
A, A
o]

FIGURE 4.8 Chitinase substrates and the hydrolyzable bonds. (a) chitin (b) chitosan (c)
peptidoglycan. Chitinases hydrolyze the glycosidic bond of N-acetylglucosamine residues
(arrowheads) within a B-1,4-linked polysaccharide. The figures emphasize the alternating
orientation of sugar residues. Chitinases do not hydrolyze the glycosidic bond of glucosamine
residues of chitosan indicated by an arrow in (b) or the glycosidic bond of N-acetylmuramic

acid residues in peptidoglycan® indicated by an arrow in (c). These bonds are hydrolyzed by
chitosanases and lysozymes, respectively.

supported by the crystal structure of both substrate-bound and inhibitor-bound
hevamine. The inhibitor allosamidine is a structural analog of the proposed reaction
intermediate. It can be expected that all chitinases that share this mechanism will
be sensitive to allosamidine derivatives. A neighboring aspartate (Aspl25 of
hevamine) is hydrogen-bonded to the catalytic glutamate and contributes to widen
the catalytic pH range. The Arabidopsis chitinase has an asparagine at position 125
and is expected to have a much narrower pH range close to the pK of the Glu127.%
Concanavalin B is closely related in sequence and folding to the chitinases, but its
Glul27 is replaced by glutamine. It has no detectable activity. The same is probably
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true for one chitinase gene each from cucumber and Sesbania rostrata. Since the
substrate-binding cleft is intact, these proteins can be expected to bind to chitin.

Some exclusively basic chitinases of family 18 also hydrolyze M. lysodeikticus
cells or peptidoglycan and have thus been called chitinase/lysozymes. The pepti-
doglycan hydrolysis is restricted to a narrower pH range (around 4.5 to 5) than the
chitin hydrolysis. The glycan backbone of peptidoglycan is composed of 3-1,4 linked
alternating N-acetylglucosamine and N-acetylmuramic acid. Lysozymes hydrolyze
the glycosidic bond at the reducing end of N-acetylmuramic acid. In contrast, product
analysis after hevamine digestion revealed that the cleavage occurred after the N-
acetylglucosamine. Thus, these chitinases should not be called lysozymes,*® but
rather pseudolysozymes.

Since the PR-11 (Chicl) chitinases also belong to family 18 and are thus
expected to have a fold very similar to hevamine; they are also likely to use the
same retaining mechanism. Indeed, the two conserved sequence elements between
PR-8 and PR-11 consist of two neighboring parallel 3-strands, the second of which
carries the same acidic residues Glu and Asp that have been characterized for
hevamine and the bacterial chitinases.

4.3.2 CATALYTIC MECHANISM OF FAMILY 19 CHITINASES

These chitinases use the other possible mechanism of hydrolysis, which reverses the
anomeric configuration at the cleavage site, as shown for a bean class I chitinase*’
as well as for a (presumably) class IV yam chitinase.*® This mechanism displaces
the aglycon by a molecule of water and requires the presence of a general acid to
attack the glycosidic bond on one side and a general base to activate water on the
other side of the bond. These two residues have been tentatively identified in the
crystal structure of the class II barley seed chitinase C.%7 The highly conserved
Glu67 and Glug89 face each other on both sides of a cleft that is suggested to bind
the substrate, similar to the cleft known for family 18 chitinases and lysozymes. The
two Glu are at a distance that is exactly as expected to fit the substrate and one
molecule of water. The involvement of these two residues has been confirmed by
site-directed mutagenesis in two different chitinases, the barley chitinase, for which
the structure is known,* and the tobacco class I chitinase A.° In both cases,
replacement of either Glu by Ala or Gln, the amide derivative of Glu, led to a massive
loss of activity. While it dropped below the detection limit for the E67Q mutant, the
residual activity of the E89Q mutant of barley chitinase still represented 0.25% of
the wild-type activity. The catalytic domain of the tobacco chitinase was converted
into a chitin-binding lectin by mutation of either glutamate.*®

A few family 19 chitinases lack one or both glutamates. In the nettle lectin
precursor, both catalytic residues are mutated, the first to Ala and the second to Thr,
suggesting that it cannot have any activity. Indeed, it was not possible to detect any
increase in chitinase activity in tobacco protoplasts overexpressing the precursor,
while the catalytic domain could be detected immunologically*® (B. Iseli and J.-M.
Neuhaus, unpublished observations; Mirjam Does, pers. comm.). A more interesting
case is the replacement of the second Glu by Gln in the pathogenesis-related class
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Ila chitinases of tobacco (PR-P and -Q), potato, tomato, and Pinus strobus. These
tobacco class Ila chitinases have a lower activity on colloidal chitin than the class
I chitinases, but only by a factor of six (M. Legrand, pers. comm.). There may be
compensating mutations to improve the activity, or one could postulate a spontaneous
deamidation of the glutamine by the time the protein has been purified. Other
residues lining up along the catalytic cleft of a barley chitinase have been mutated
to Ala: GIn118, Tyr123, and Asn124, of which only the last caused a strong reduction
in activity.*> Chemical modification of two different chitinases also destroyed their
catalytic activity. Both treatments modified aromatic residues exposed within the
catalytic cleft (see Figure 4.1), a Tyr in a maize chitinase>! and a Trp in a rye
chitinase,>? sterically preventing substrate binding.

The catalytic cleft of barley chitinase is deeper than the cleft of hevamine
(compare Figures 4.1 and 4.4). This may indicate a stronger requirement for acces-
sibility of the substrate strand at the surface of a solid substrate, e.g., a fungal cell
wall. In addition, two loops bordering the cleft are dispensable, as shown by the
loss of loop 1 in class IV and VII chitinases and of loop 2 in class Ila. Loop 1
extends the cleft at one end and may increase the affinity for the substrate by
providing an additional sugar-binding subsite. It may also increase the minimal
distance of the hydrolyzable bond from the surface of an insoluble substrate.

Loop 2 is located on one side of the cleft and is constrained by a conserved
disulfide bond. Similar surface exposed loops have been described in unrelated
proteins and named “cystine nooses.”> The loop 2 of chitinases has the potential of
closing the cleft into a tunnel entrapping the substrate. This phenomenon has been
described for other glycosyl hydrolases, conferring them the property of processivity:
after hydrolysis, one half of the substrate is released easily, but the other half is held
in the tunnel and can only diffuse longitudinally. Diffusion in one direction will
automatically bring another hydrolyzable bond into position, with the release of a
disaccharide (because of the alternating orientation of the N-acetylglucosamine units
in chitin). This can occur a few times before the chitinase releases the chitin strand.
Indeed, the class I enzymes rapidly produce chitobiose when digesting high-molec-
ular-weight chitin (M. Legrand, pers. comm.).

Loops 3 and 4 are folded together on the surface of barley chitinase, away from
the catalytic cleft and are thus probably not involved in catalysis. The C-terminal
targeting propeptide of vacuolar isoforms of class I is displayed on this side following
loop 4.

4.3.3 CATALYTIC MECHANISM OF PR-4 CHITINASES

Chitinase activity has been described for a single member of this family (tobacco
CBP20).%" To date, the mechanism is unknown. The 3-D structure of another member
of this family, barley barwin, has been determined,*” but there is no obvious catalytic
cleft, nor is there any obvious pair of acidic residues likely to be involved in catalysis.
Elucidation of the mechanism will require the analysis of reaction products as well
as a systematic mutagenesis of surface-exposed acidic residues. The absence of a
cleft suggests that the substrate is not bound strongly by the catalytic domain of
CBP20, but rather by its CBD.
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4.3.4 THe RoLe oF CHITIN-BINDING DOMAINS

Chitinases with a CBD preceding or following the catalytic domain have been found
in bacteria, yeasts, animals, and plants. Family 19 chitinases do not absolutely need
a CBD for their catalytic activity, as is obvious from the many class II chitinases
characterized to date. What, then, could be the role of an additional domain?
Deletion of the CBD of the tobacco class I chitinase A modified its catalytic
properties, increasing both apparent Ky, and V.. Analogous to the function of the
unrelated CBD in the yeast family 18 chitinase, this was interpreted as follows: the
CBD is strongly attaching the catalytic domain on the surface of a polymeric
substrate, e.g., the cell wall of a pathogen, allowing the hydrolysis of many neigh-
boring chitin strands. Without a CBD, the catalytic domain will diffuse away from
the cell wall after a single cut (or a few cuts if there is processivity). This is the
reason for the different behavior of class I and II chitinases on a chitin column.
Class I chitinases bind to the column, while class II chitinases flow through. Indeed
the tobacco chitinase with a deleted CBD could be separated from an intact chiti-
nase.>* On the other hand, a mutation causing the loss of catalytic activity increased
the affinity for the chitin column and prevented this separation.”® The CBD in PR-
4 chitinases has probably the same function of fixing its catalytic domain on a
chitinous structure.

The CBD is connected to the catalytic domain by a spacer of variable length
and sequence, often rich in glycine, proline, and threonine. The spacer of tobacco
chitinase A is modified and contains several hydroxyprolines.!? Similarly, a sugar
beet class IV chitinase contains hydroxyproline and is also glycosylated with
xylose.”> The spacer of a class IV maize chitinase contains sixteen glycines in
tandem interrupted by a single serine, suggesting extreme flexibility. The most
amazing spacer was found in the class VI sugar beet chitinase with 90 prolines out
of 135 amino acids. This seems in fact an additional domain resembling cell wall
proteins.!”

In several chitinases, both PR-3 and PR-4, an in vivo proteolytic cleavage releases
the CBD. In this case, the two domains may have separate functions. Hevein is such
a released CBD and is per se an efficient antifungal agent.’?> The catalytic domain
is also abundant in latex as well as the unprocessed precursor.’® The stinging nettle
antifungal lectin/agglutinin is composed of two CBDs in tandem and is derived from
a precursor which appears to be a degenerate chitinase.!'® The processing occurs also
in transgenic tobacco, where the lectin is found in the vacuole (M. Does, pers.
comm.). Tobacco cells grown in a high-salt medium produce large amounts of four
vacuolar chitinases, two of which are the known class I chitinases, while the other
two lack the CBD. They could have been produced by proteolytic processing of the
former two, though the ratio of the four proteins is surprisingly constant, and the
N-terminal sequences of the shorter chitinases were not absolutely identical to
internal sequences of the longer ones.>® During infection of french bean by Fusarium
solani, a class IV chitinase is processed, and the CBD is released. Whether this is
a means for the fungus to detoxify the chitinase or for the plant to create two different
antifungal compounds is unclear.’’
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4.3.5 INTRACELLULAR LOCATION

A rule of thumb for PR proteins is that there are acidic and basic isoforms of each
family and that the basic isoforms are both vacuolar and antifungal, while the acidic
isoforms are extracellular and show little antifungal activity. Despite exceptions, this
rule indicates that a basic pl may be more adequate for the vacuole and an acidic
pl more adequate for the cell wall. It certainly also hints at different functions for
both compartments in the defense mechanisms of plants.>

The intracellular localization of class I chitinases depends on the presence or
absence of a vacuolar targeting propeptide at the C-terminus of the precursor, as has
been thoroughly studied for a tobacco class I chitinase.!'* A similar C-terminal
propeptide can be found in most other class I, V, and VI chitinases. In the other
families, there are also forms with a C-terminal extension which may also be vacuolar
targeting propeptides. The hevein precursor is synthesized with a 16 amino acid-
long propeptide, and hevein is found in lutoids, the vacuolar component of the latex.
Other PR-4 proteins are also predicted to have C-terminal propeptides. Hevamine,
a PR-8 chitinase, is also found in the lutoids, and its cDNA sequence indicates the
presence of a C-terminal propeptide (E. Bokma and J. Beintema, pers. comm.).

4.4 STRUCTURE AND REGULATION OF THE GENES
4.4.1 CHiB (PR-8) AND CHic (PR-11) GENEs

Several cDNAs but only a few genes have been cloned from this family. Within the
PR-8 Arabidopsis gene, there are two introns flanking the coding region for the
conserved two [-strands and the catalytic residues (Figure 4.3). The three genes of
cucumber have no introns. They have been isolated on a single genomic clone, with
2.5 and 2.4 kb separating the stop codon of one gene and the start codon of the next.
The tobacco PR-11 chitinases also have two introns, the first of which is located
approximately at the same place as the second intron of the Arabidopsis PR-8
chitinase, while the second intron is close to the end of the coding sequence (Figure
4.5). Most chitinases of these two families are induced when plants are infected by
a pathogen.®-% The relative abundance of the various families in the infected tissue
varies from plant to plant. The most abundant chitinase upon infection is a PR-8 in
cucumber, while in tobacco only small amounts are produced and the PR-3 chitinases
dominate. The promoter of the Arabidopsis chitinase has been fused to a reporter
gene to analyze the expression pattern in whole plants.?

4.4.2 CHiA Genes (FamiLy 19, PR-3)

Several Chia genes have been cloned. They mostly contain two introns (Figure 4.2).
The first is located just before the coding sequence for loop 1. Deletion of this loop
in class IV and VII chitinases (or acquisition in a common ancestor of the other
classes) is thus most likely due to the displacement of the 3’ splicing acceptor site.
Some chitinase genes lack introns, e.g., in wheat’®’! or potato.”> The five Chia4
genes from Arabidopsis that have been identified within 13 kb of two overlapping
BACs only have the first intron and are separated by 1 to 3.3 kb of noncoding
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sequence. After the cloning of a cluster of three Chibl genes from cucumber and
of a cluster of two Chidl genes from potato, finding a cluster of five Chia genes in
Arabidopsis, a plant with a very compact genome, forecasts the existence of gene
clusters in many other plants.

While most of these chitinases are also induced by pathogens, there is differential
regulation of different genes within a single plant. In tobacco, for example, the class
I genes are constitutively expressed in roots. The same chitinases also accumulate
in the epidermis of leaves in an age-dependent manner.”>’ They are induced by
ethylene’> and repressed by auxin and cytokinin.!” They are also induced locally by
pathogen infection.”*’¢ The class Ila chitinases are also induced by pathogens,® but
they are also induced systemically.”” Chitinases are also abundant in flowers.”®” In
potato, a special class IIb chitinase is the most abundant protein in the stylar
transmitting tissue.®? Chitinases are abundant proteins in seeds of several cereals and
of chestnut.!481-86

Several chitinases are induced by wounding,-%° especially in poplar, where
acidic class I chitinases are induced in a systemic manner.”

Several promoters have been fused to reporter genes and introduced in plants.®-3
The tobacco Chial; one promoter has been analyzed by a set of deletions fused to the
reporter GUS, whereby an ethylene-responsive element was identified within 22 bp, an
element to which nuclear factors were shown to bind.?294%

4.4.3 CHip (PR-4) GENE

Two genes have been cloned from potato on a single genomic fragment, separated
by 2.2 kb of noncoding sequence. The coding regions are interrupted by a single
intron as indicated in Figure 4.6. Both genes were induced by wounding, but with
different tissue specificities — winl RNA accumulating in leaves and stem, but not
in roots or tubers, while win2 RNA also accumulated in roots and tubers. Expression
of the win2 promotor was also tested fused to the reporter GUS. Wound induction
was first local, but then spread away from the wound along the vascular tissue.3>%

4.5 FUNCTIONS OF PLANT CHITINASES
4.5.1 ANTIFUNGAL AcTivity IN VITRO

Chitinases were rapidly suspected to affect growth of fungi in whose walls chitin is
a major structural polysaccharide. Growth inhibition by a class I chitinase was shown
for Trichoderma viride, a saprophytic fungus.”” The enzyme caused thinning of the
growing tip of the fungus Trichoderma longibrachiatum, followed by a balloon-like
swelling and eventual bursting of the hypha.’® However, these two fungi are
saprophytes, and only a few other fungi are sensitive to chitinases alone, while many
more fungi are sensitive to a combination of chitinase and a -1,3-glucanase® ' or
another protein or compound which alters the membrane structure or permeability.!%!
Even then, not every chitinase is effective: the class Ila chitinases of tobacco are
not antifungal, but the class I are. Their antifungal activity does not depend on the
presence of the chitin-binding domain, since the effect is only slightly reduced by
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the deletion of the CBD.> Both the class I and IIb chitinases from barley seed are
antifungal, further confirming the lesser role of the CBD in this respect. The lack
of antifungal activity of the tobacco class Ila chitinase could be due to the absence
of loop 2 and the concomitant lack of processivity, or to the active site glutamine
instead of glutamate.

Chitinases of all four families were found to have antifungal activity in vitro.?**’
Furthermore, the single CBD of hevein and the double CBD of stinging nettle lectin,
both derived from chitinase-related proteins, were also antifungal in vitro.3>192 The
same is true for small proteins from Amaranthus caudatus and Mirabilis jalapa
synthesized directly as single CBDs,'% but not for the larger chitin-binding lectins
of cereals, which are dimers of chains of four CBDs each.!® On the other hand, the
larger lectins of cereals and stinging nettle are insecticidal, while hevein is not. Thus
chitinases may harbor two different antifungal domains with different modes of
action and which may also be active after proteolytic separation.

4.5.2 ANTIFUNGAL AcTivity IN Vivo

Transgenic plants have been produced to express chitinases in a constitutive manner.
These plants were tested with several pathogenic fungi with negative results.!%
However, bean class I chitinase protected tobacco against Rhizoctonia solani, the
agent that causes damping-off.1%¢197 Later, tobacco class I chitinase was found to
reduce root colonization by the same fungus, a reduction also observed when the
CBD was deleted.'® As in in vitro, many more fungi were affected in vivo by the
simultaneous coexpression of chitinase and another antifungal protein, such as j3-
1,3-glucanase,'” ribosome-inactivating protein, osmotin, etc. As mentioned above,
antifungal proteins appear to be concentrated in the vacuoles, while their target
organisms are growing extracellularly. What is the role of the extracellular PR
proteins if they are not antifungal? Why are they systemically induced? One possible
role could be to release from the cell wall of the pathogens small molecules such
as oligosaccharides, which could then act as elicitors.?

4.5.3 NODULATION

The identification of nodulation factors as modified chitin oligomers!™? led to an
immediate interest in chitinases and chitin-binding proteins as receptors or modu-
lators of the nodulation in legumes. Chitinases were cloned from many legumes,
and several chitinases are expressed in root hairs or nodules.!'!2 Nod factors are
indeed substrates for chitinases; they even allow a precise determination of the
hydrolysis products because of the specific chemical modifications (acylation, sul-
fation, etc.) harbored by the two extremities of the chitooligosaccharide back-
bone.!'3114 In addition, it is possible to assess the influence of the length of the
oligosaccharide and of its modifications on the activity of chitinases purified from
various sources. This allowed the identification of chitinases as modulators of the
host-range of distinct rhizobial strains through differential sensitivities.''* A receptor
for Nod factors or other chitin-derived signals would be expected to be membrane-
bound and to have an extracellular chitin-binding domain. Such a receptor-like
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protein was recently cloned. It harbors an extracellular PR-11 chitinase-like domain,
a membrane segment and a cytosolic kinase domain.!'> The catalytic residues are
mutated, and indeed the chitinase-like domain expressed in E. coli lacked any activity
but was able to bind to regenerated chitin. It remains to be seen what its binding
specificity is and what signal transduction pathway leads to what reaction of the cell.

4.5.4 EMBRYOGENESIS

A totally different and unexpected function for a chitinase is that of a differentiation
factor in embryogenesis. A mutant cell line of carrot unable to form embryos was
rescued by culture supernatant of a wild-type cell line. It was a big surprise when a
class IV chitinase was identified as the rescuing factor, since no endogenous chitin
or related substrates were known in plants.!'6118 A Nod-like factor could also be
implicated in the embryogenesis, since Nod factors could rescue the mutant cell
line."”® Finally, a potential substrate was found: arabinogalactan proteins (AGPs) from
seeds were found to contain chitinase-sensitive oligosaccharides (S. de Vries, pers.
comm.). AGPs stimulated the formation of somatic embryos from protoplasts, while
the carrot chitinase had the opposite effect. Addition of AGPs that had been repurified
after chitinase treatment increased the rate of embryo formation even further.

4.5.5 OTHER FuNCTIONS

Some chitinases also have additional functions unrelated to their catalytic activity.
Along with other PR proteins, chitinases are antifreeze proteins in winter rye.'? The
partial protein sequence of an inhibitor of insect o-amylases isolated from the
tropical cereal Job’s Tears (Coix lacrima-jobi) also revealed a PR-3 class IV chiti-
nase.®* This amylase inhibitor—chitinase appears to form dimers stabilized by disul-
fide bonds. Both these accessory functions are compatible, since they imply certain
surface features of the protein and need not affect the catalytic site. The distinction
between defense protein and storage protein may also be difficult for some abundant
chitinases in seeds or vegetative tissues.

4.5.6 A Note oF CAUTION FOR BIOTECHNOLOGICAL
APPLICATIONS

While the overproduction of chitinases in crop plants can, and in some cases, does
increase the resistance to pathogens, they can also have negative effects. In grape
juice, the presence of a class IV chitinase and of a thaumatin-like PR-5 protein
causes the appearance of precipitates in the wine and thus lowers the quality of the
product!?! not an acceptable side effect of the use of transgenic plants.

More serious is the existence of several allergenic chitinases. Among the many
allergens of rubber, several chitinases are prominent: the hevein precursor and its
two derived fragments hevein and the PR-4 domain, the PR-8 chitinase hevamine,
and a PR-3 chitinase.!?? A chitinase is also a major allergen of avocado (S. Sowka,
EMBL Acc. Z78202). Allergenicity is not completely unexpected since chitinases
share a major feature of allergenic proteins, the resistance to proteolytic degradation
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under acidic conditions, which allows a high proportion of ingested proteins to reach
the intestinal tract intact, where they may pass into the bloodstream. Protease resis-
tance is probably necessary for a successful PR protein, but it is important to choose
carefully the source of the chitinase genes to introduce into food crops, especially
into those that are to be eaten uncooked. A cautious strategy would be to choose a
chitinase already present in food plants, since their allergenic potential has already
been tested in large-scale and long-term trials.

4.6 CONCLUSION

The chitinases have become very popular proteins to study in plants because of their
obvious potential in defense reactions against various pathogens. There is still much
to study about the enzymology of the various families and classes, their specificities
and their main natural substrates. At a time when identification of pathogen-induced
chitinases could have reached a certain saturation, new and very different roles of
chitinases attracted new attention. Their possible implication in nodulation attracted
another major group of researchers, and the involvement in embryogenesis promises
to appeal to a still wider audience. The number of publications devoted to chitinases
is thus likely to increase further in the years to come.
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5.1 INTRODUCTION

As outlined in Chapter 1, pathogenesis-related proteins (PR proteins) were initially
identified in tobacco plants reacting hypersensitively to tobacco mosaic virus (TMV)
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infection. The PR-5 protein(s) was detected as the slowest moving band among
several low-molecular-weight proteins resolved by polyacrylamide gel electro-
phoretic analyses of acidic extracts of tobacco leaves (Samsun NN or Xanthi-nc)
infected with TMV.!23 It was only when these PR-5 proteins were sequenced that
it became clear that they were related to the intensely sweet tasting protein, thau-
matin, from the West African shrub, Thaumatococcus daniellii, described by Dr.
Daniell in 1852.# Because of their sequence similarity to thaumatin, the PR-5 group
proteins have been called thaumatin-like proteins (TLPs) even though none of them
have been found to have a sweet taste. Similarly, two other proteins, osmotin and
NP24, which accumulated in cultured tobacco and tomato cells, respectively, when
subjected to osmotic stress, were also found to be related to thaumatin in amino
acid sequence. When it was observed that these proteins were also induced upon
infection by pathogens, it became clear that osmotins also belong to the PR-5 group
of proteins.>¢ In addition, several seed-associated proteins from cereals which had
sequence similarity to thaumatin were shown to possess antifungal activity. These
proteins are clearly seed homologs of TLPs even though it must be understood that
the seed TLPs are not bona fide PR proteins because their accumulation does not
depend on exposure to pathogens. The availability of sensitive methods of detection
(Western and northern blots) have led to the identification of TLPs whose expression
is developmentally regulated. In this review, we will include the seed homologues
and other developmentally regulated TLPs (such as those expressed in floral organs,
seeds, and fruits) in order to present an overall view of the metabolism of all TLPs.
An excellent review of these three groups of proteins that belong to the TLP family
was presented by Dudler et al.” In this chapter, we have attempted to summarize the
data from several laboratories dealing with the isolation and characterization of
TLPs, their cDNAs and genes, and recent attempts to enhance plant resistance to
pathogens by over-expression of TLPs in dicotyledonous and monocotyledonous
plants.

5.2 OCCURRENCE

TLPs are not normally detected in leaves of young healthy plants, but they rapidly
accumulate to high levels in response to biotic or abiotic stress. However, older
leaves of potato were shown to accumulate TLPs in the absence of deliberate stress,
though the possibility that they might have been subjected to some sort of stress
when grown in a greenhouse or growth chamber was not ruled out.® Low levels of
osmotin were detected in greenhouse-grown tomato leaves, and very low levels were
detected in stems, but the levels in roots were much higher when equal amounts of
protein from these tissues from seedlings were analyzed.? Possibly, the expression
of TLPs in roots may be due to exposure to soil-associated microbes. Similar results
were seen in tobacco seedlings. LaRosa et al.!” analyzed a variety of tissues from
normal (unstressed) tobacco plants for osmotin expression and found that the highest
levels of osmotin and its mRNA were found in roots, epidermal peel, corolla, and
immature flower bud. The roots had the highest levels of this protein. Koiwa et al.!!
used an isoelectricfocusing procedure to resolve three different forms of tobacco
TLP. They reported that while no TLPs were detected in tobacco leaves, roots
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accumulated large amounts of a neutral TLP which was distinct from osmotin (which
is more basic). Using histochemical analysis, they concluded that this neutral TLP
accumulated constitutively in the cortex and metaxylem cells of roots. Cultured
tobacco cells had detectable levels of two basic TLPs (osmotin) and two neutral
TLPs (called OLP for osmotin-like protein) and secreted an acidic form of TLP (PR-
S) into the medium. TLPs are expressed in flower buds of Brassica,'? tobacco flower
tissues,'3 overripe fruits of Diaspora texana,'"* and overripe cherries!”> where they
are apparently developmentally regulated. Seeds of several cereals contain large
amounts of TLPs.!6!7 Thaumatin itself is a fruit protein and accumulates in the arils
of fruits of the West African rain forest shrub, Thaumatococcus daniellii Benth.

TLPs are also induced in tobacco roots and shoots and cotyledons in response
to elicitors.'®!° In addition, TLPs are induced in leaves of a large number of plants
belonging to diverse genera when they are infected by pathogens or subjected to
various stresses. The induction of TLPs upon pathogen infection will be covered in
detail later in this chapter. It would appear that potentially all plant tissues are capable
of synthesizing TLPs, depending on a variety of factors such as age, exposure to
elicitors and microbes, and developmental cues.

5.3 PHYSICOCHEMICAL PROPERTIES OF TLPs

TLPs have been purified from several plant sources, most notably from leaves of
infected tobacco, tomato, and soybean, grains of barley, maize and wheat, fruits of
cherries and Diospyros texana, and floral buds of Brassica napus. Partially purified
TLPs have also been obtained from sorghum and oat seeds. See Table 5.1 for a
summary of the properties of purified TLPs or those predicted from cDNA clones.

The TLPs are generally highly soluble proteins that accumulate to high levels
(1 to 12%) in selective tissues or subcellular compartments under appropriate con-
ditions or are secreted into the medium or extracellular space. They remain soluble
even under acidic conditions and are quite resistant to proteolysis. These properties
led to the easy visualization of tobacco TLPs in acidic extracts of infected leaves
upon electrophoresis in polyacrylamide gels followed by staining with Coomassie
Brilliant Blue in earlier studies. The molecular weights of mature TLPs fall into
two size ranges. One group of proteins has a size range of 22 to 26 kDa (201 to
229 amino acids), while the members of the other group have sizes around 16 kDa
(148 to 151 amino acids). The second group of TLPs has an internal deletion of 58
amino acids.

The TLPs have pl values ranging from very acidic to very basic (range 3.4 to
12; see Table 5.1). Thus, there are acidic, neutral, and basic TLPs. All three have
been identified in tobacco.!! Generally, the extracellular TLPs tend to be acidic,
while the vacuolar (or other vesicular) TLPs tend to be basic. It is not clear whether
there is any biological significance to this observation. There is no evidence for
glycosylation of any of the TLPs, including thaumatin.

The TLPs are generally resistant to proteases and pH- or heat-induced denatur-
ation, and this may be due to the presence of 16 cysteines, which have been shown
to be involved in the formation of eight disulfide bonds in thaumatin and zeamatin,
a TLP isolated from maize seeds.!® The three-dimensional structure of thaumatin I
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TABLE 5.1

Properties of TLPs

Source

Thaumatococcus
daniellii

Tobacco leaves

Tobacco leaves

Tobacco cells

Tobacco cells
Tomato
Arabidopsis
INA-treated
Arabidopsis
floral meristem
Arabidopsis

Cherry fruit

Tomato flowers

Name

Thaumatin

PR-R minor

PR-R major

Osmotin

pTOLI
pNP24
PR-5
ATLP-1

ATLP-3

pCHER29/6

tomf216
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M. wt.
(kDa)

22

24.6 (pre)

24.7 (pre)

26.4 (pre)

29 (pre)
24 (mature)
22.7 mature

26 (pre)

25.7(pre)

25.8 (pre)

27.2 (pre)

# amino
acids

207

226

226

243

251
226
215
243

245

245

252

6.2-6.8

8.2

neutral
basic
4.5

9.6

4.8

4.18

7.8

DNA (D)
Protein (P)

D, P

D,P

D, P
D, P

RNA size

(kb)

1.0-1.1

1.0
1.0

Cellular
location

Cytoplasmic
vesicles

Extracellular

Extracellular

Vacuolar

inclusions

Intracellular
Soluble fraction
Apoplast

Fungi
inhibited

C. albicans

C. beticola

P. infestans
C. albicans
N. crassa
T. reesei

P. infestans

A. solani

T. reesei

C. albicans
V. albo-atrum
V. dahliae
None

Induction/
regulation by

Developmental

T™MV

T™MV

NaCl

Stress
NaCl
INA, SA

Developmental

SA, pathogens

Developmental

Developmental

References
#)

Iyengar et al. (71)

Cornelissen et al.
(72)
Pierpoint et al. (1)
Vigers et al. (27)
Payne et al. (73)
Pierpoint at al. (1)
Singh et al. (47)
Singh et al. (48)

Takeda et al. (55)
King et al. (74)
Uknes et al. (41)

Hu & Reddy (75)

Hu & Reddy (42)

Fuls-Lycaon et al.
(15)
Chen et al. (76)



Wheat (powdery
mildew)
Wheat seeds

Rice

Rice

Rice

Oat (infected)
Oat (infected)
Oat (infected)
Oat (infected)
Maize seeds

Maize seeds

Atriplex
nummularia

Atriplex
nummularia

Barley plants
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pWIR2

Trimatin

pPIR2
D34
22
pCRL101
pCRL102
pCRL103

pCRL104
Zeamatin

Zlp

pA8

pA9

Hv-1

17.6 (pre)

22 (mature)

18 (pre)

24.4 (pre)
23.9 (pre)
17.4 (pre)
17.4 (pre)
17.3 (pre)

17.6 (pre)
22 (mature)

22 (pre)

23.8 (pre)

23.8 (pre)

15.6

173

177

231

220

169

169

169

169
206

227

222

224

6.56

4.46

6.2

6.2

6.2
4.1

9.1

D — _

P Developmental

D 0.7 —

D 1.1 —

D 1.1 —

D 0.9 —

D 0.9 —

D 0.9 —

D 0.9 —

P J—

D, P 1.0 Intracellular
wash fluid

D 1.2, 1.0 —

D 0.9 Cells, medium

D, P 0.75-0.85 —

C. albicans
T. reesei

N. crassa

A. solani

F. oxysporum
N. crassa

T. reesei

C. albicans

C. albicans
T. reesei
N. crassa

A. solani

Pathogen

P. Syringae
Pathogen
Pathogen
Pathogen
Pathogen

Pathogen
Pathogen

Developmental

ABA

NaCl

Pathogen

Rebmann et al.
(40)
Vigers et al. (17)

Reimmann et al.
(44)

Velazhahan et al.
(45)

Velazhahan et al.
(45)

Lin et al. (43)

Lin et al. (43)

Lin et al. (43)

Lin et al. (43)

Richardson et al.
(32)

Roberts &
Selitrennikoff
(16)

Huynh et al. (33)

Malehorn et al.
7

Casas et al. (78)

Casas et al. (78)

Bryngelson &

Green (37)
Hahn et al. (79)



TABLE 5.1 (continued)
Properties of TLPs

M. wt.
Source Name (kDa)
Barley grain BP-R, BP-S 23
23
Potato leaves Protein C 21 (mature)
Grape VVTLI1 21 (mature)
Soybean leaves P21 21.5

# amino
acids

197

202

4.6

4.6

DNA (D)
Protein (P)

D, P

P

RNA size
(kb)

Cellular Fungi Induction/
location inhibited regulation by
T. viride
C. albicans

F. oxysporum
Intercellular fluid

Developmental

References
*#)

Hejgaard et al.
(28)

Pierpoint et al.
(80)

Tattersall et al.
(81)

Graham et al. (82)

Abbreviations: TMV=tobacco mosaic virus; INA=2,6-dichloroisonicotinic acid; SA=salicylic acid; ABA=abscisic acid.

© 1999 by CRC Press LLC



has been determined using X-ray crystallography.?*?! Two building motifs are uti-
lized in thaumatin structure: a folded B-sheet (which forms an identifiable domain
I) and the B-ribbons and small loops stabilized by disulfide bonds which form two
separate domains, IT and III. The positions of the eight disulfide bonds in thaumatin
have been assigned. It has been proposed that domains II and III may be important
for binding to the sweetness receptors on membranes of taste buds. All but one of
the disulfide bridges are in domains I and II. Disruption of the disulfide bonds results
in loss of the unique tertiary structure of the thaumatin molecule and loss of sweet-
ness.?? Treatment with SDS or guanidine or a less polar solvent mixture
(water/dioxan) results in loss of sweetness, indicating the importance of the three-
dimensional structure for this property. The locations of the cysteines are highly
conserved between thaumatin and the members of the class of larger TLPs. Inter-
estingly, the lower-molecular-weight TLPs are missing most of domain II and several
half cysteines which stabilize this domain. Functional differences between these two
groups of thaumatins would be very revealing in assigning specific roles to domains
II and IIT if these domains turn out to be general features of all TLPs.

The crystal structure of zeamatin has also been determined.?* Zeamatin, whose
tertiary structure closely resembles that of thaumatin, has a B-sandwich with 11 (-
strands from which an arm-like structure extends to form a large cleft lined by
several acidic residues. This arm has a short a-helix and three disulfide bonds. The
amino acid sequences constituting the acidic cleft are highly conserved among TLPs.
The exterior surface of zeamatin is lined by highly basic residues. The crystal
structure of zeamatin indicates that this protein associates to form a homodimer, but
does not suggest the formation of a cyclic aggregate that is characteristic of channel
forming proteins. Batalia et al.?> suggest that electrostatic interactions between
zeamatin and some membrane channel proteins are responsible for destabilization
of pressure gradients that maintain the hyphal tip in the extended state. Studies on
the nature of the target proteins to which TLPs bind may shed additional light on
the mechanism of TLP action.

5.4 BIOLOGICAL PROPERTIES OF TLPs
5.4.1 TAsTE

The sweetness of thaumatin to primates (of the catarrhine group; old world mon-
keys, apes, and humans) is probably used for the dispersal of seeds in nature.
Thaumatin binds to receptors in taste cell membranes and brings about stimulation
of the chorda tympani nerve of rhesus monkey at micromolar concentrations,
indicating tight binding of thaumatin to the taste cell receptors.?* Even though
thaumatins are very sweet-tasting proteins, none of the other TLPs tested have a
sweet taste. Apparently, the three-dimensional architecture of thaumatin is utilized
in TLPs to bind to other receptors such as those found in fungal cell membranes.
It is interesting to note that zeamatin sequence is significantly different in two of
the five homologous tripeptide stretches that are conserved between the two sweet
proteins, thaumatin and monellin.?

© 1999 by CRC Press LLC



5.4.2 ANTIFUNGAL ACTIVITY

The finding that zeamatin, a protein isolated from maize seeds based on its antifungal
activity against Candida albicans, Neurospora crassa, and Trichoderma reesei,' has
an amino acid sequence closely related to the two TLP from tobacco, namely osmotin
and PR-R, as well as to thaumatin'” has led to the notion that TLPs represent
antifungal defenses of plants. Zeamatin caused leakage of cytoplasmic material from
the fungi and caused hyphal rupture. Further studies with the TLPs, AP24 (same as
osmotin II), and NP24 purified from TM V-inoculated tobacco and tomato, respec-
tively, demonstrated that these proteins caused sporangial lysis of Phytophthora
infestans.?® Vigers et al.?’ compared the antifungal activities of purified zeamatin,
osmotin (basic vacuolar form) and PR-S (acidic extracellular form), from tobacco
against the plant pathogen Cercospora beticola. PR-S was most effective against
this pathogen in the hyphal extension inhibition assay on agar plates (50% inhibition
at 2 pg/disc compared to 25% for osmotin and zeamatin). The inhibition was seen
as early as one day after exposure to PR-S, but for the other two proteins significant
inhibition was seen after only 3 to 4 days. On the other hand, when growth of 7.
viride, C. albicans, and N. crassa was studied in a liquid culture in a microtiter
plate, zeamatin and osmotin completely inhibited the growth of these fungi at
concentrations in the range of 3 to 10 pg/ml. PR-S did not inhibit growth at all,
even up to 100 pg/ml. Thus, different TLPs exhibit differences in their ability to
inhibit specific genera of fungi. Thaumatin was shown to have antifungal activity
against C. albicans (at 30 pg/disc) in the presence of 0.2 pg/ml nikkomycin (a
competitive inhibitor of chitin synthase), even though, by itself, thaumatin had no
inhibitory effect against this yeast. It appears that high concentrations of TLPs can
actively lyse fungal membranes, but at low concentrations they may cause membrane
permeability changes that cause leakage of cell constituents and increase the uptake
of other antifungal compounds. Similar results were reported for two TLPs from
barley grain (R and S) by Hejgaard et al.?® These two proteins inhibited the growth
of Trichoderma viride and Candida albicans, but only in the presence of nikkomycin.

Antifungal activities of TLPs from a variety of sources were summarized by
Stintzi et al.?® Table 5.1 indicates the antifungal activities of TLPs that have been
tested using in vitro assays. In some cases, antifungal activities have been inferred
from the enhanced disease resistance of transgenic plants expressing TLPs (see
section 5.7). The TLPs shown to have antifungal activity included osmotin and PR-
S from tobacco, AP-24 from tomato, zeamatin from corn, trimatin from wheat, and
protein R and S from barley. The susceptible fungi included Phytophthora infestans,
Candida albicans, Neurospora crassa, Trichoderma reesei, Trichoderma viride,
Verticillium albo-atrum, Verticillium dahliae, Cercospora beticola, Fusarium
oxysporum, and Alternaria solani and included fungi belonging to the classes
Oomycetes, Hyphomycetes, and Ascomycetes. The effects were both at spore ger-
mination level and inhibition of hyphal extension. More recently, antifungal activ-
ities have been demonstrated for a 27 kDa TLP from the fruits of Diaspora texana'*
against Phytophthora infestans and for a 27 kDa TLP from flower buds of Brassica
campestris against Neurospora crassa.'> Abad et al.>° carried out an extensive study
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of the antifungal activity of tobacco osmotin by surveying 31 isolates representing
18 fungal genera at three different concentrations of osmotin. They found that
Trichoderma, Bipolaris, Fusarium, Verticillium, Cercospora, and Phytophthora
species were inhibited to varying degrees by osmotin. But Aspergillus, Macrophom-
ina, and Rhizoctonia species were not affected by high concentrations of osmotin.
The effects of osmotin included spore lysis, inhibition of spore germination and
reduced germling viability, and dissipation of membrane pH gradient. Interestingly,
the inhibitory activity of osmotin was counteracted by inorganic salts, but not by
choline chloride. Osmotin is also not active against plasmolyzed cells. Therefore,
it has been proposed that osmotin acts through specific receptors on the plasma
membrane but requires juxtaposition of cell wall and the plasma membrane for it
to be effective.

5.4.3 TLPs As ANTI-FrReeze PROTEINS

An unexpected role for a rye PR-5 protein as an anti-freeze protein has been
proposed.3' Apoplasts of cold-acclimated winter rye contain several distinct proteins.
The accumulation of these proteins in the apoplast upon exposure to cold tempera-
tures is correlated with the increase in freezing tolerance. Two of these proteins with
molecular weights of 25 and 16 kDa were shown by N-terminal protein sequencing
to be highly similar to TLPs from barley and rice. Anti-freeze activity of the
apoplastic proteins (which included chitinases, B-1,3-glucanases, and TLPs) was
demonstrated by observing the shape of the ice crystals formed when these apoplastic
extracts were subjected to freezing. The formation of multifaceted bipyramidal
crystals, diagnostic of anti-freeze activity was observed only in apoplastic extracts
from cold-acclimated plants. In contrast, apoplastic extracts of control plants formed
flat hexagonal ice crystals with straight faces, indicating no inhibition of ice forma-
tion.

5.4.4 TLPs As INHIBITORS?

An exciting idea that TLPs may have a role as anti-feedant proteins targeted against
insect proteases and a-amylases was proposed based on the isolation of a maize
protein with high sequence similarity to thaumatin with inhibitory activity against
o-amylase of the flour beetle, Tribolium castaneum and against bovine trypsin.3?
However, none of the other TLPs tested so far, including zeamatin, barley permatin,
barley TLPs, R and S, and tobacco TLPs, showed any inhibitory activity against o-
amylase or trypsin.'”?® Further it was shown that the maize TLP reported by Rich-
ardson et al.*? had the same sequence as zeamatin for the N-terminal 61 amino acids.
Finally, an antifungal protein isolated from maize seeds’ had the same sequence as
the TLP reported by Richardson et al.’? but had no activity against a-amylase or
trypsin. It appears that contamination of the latter protein with a bifunctional inhibitor
of a-amylase or trypsin from maize may have contributed to the misidentification
of the maize TLP as a bifunctional inhibitor of a-amylase or trypsin. Thus, it should
be concluded that there is no convincing evidence that TLPs function as bifunctional
inhibitors of proteases and a-amylases.
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5.5 REGULATION OF TLP EXPRESSION
5.5.1 MIcRrOBIAL INFECTION

The induction of TLPs in response to microbial infection has been studied most
extensively in tobacco plants infiltrated with TMV where TLPs were first reported
(see Chapter 1). While uninfected leaves do not contain any detectable TLPs, upon
viral infection the leaves accumulate large amounts of TLPs within 6 to 8 days.!3*
Bean leaves infected with tobacco ring spot virus, southern bean mosaic virus, bean
pod mottle virus, and TMV also induce a 21 kDa TLP.» TLPs were also induced
in 20 plant species, which included six dicotyledonous families after infection with
tobacco ring spot virus.’ In tomato, a protein of 23 kDa named P23, accumulates
after infection with citrus exocortis viroid. P23 is highly homologous to tomato
osmotin (NP24).° An 832 bp osmotin-like cDNA (TPM 1) has been isolated from
a cDNA library constructed from tomato planta macho viroid (TPMV)-infected
tomato.’” Nucleotide sequence of TPM 1 shows high homology (nearly 90%) to
tomato osmotin (NP24) cDNA. The predicted mature N-terminus of TPM 1 is 100%
homologous to the N-terminal sequences of viroid-induced protein P23 and to
fungus-induced protein AP24, suggesting that all these proteins might be equiva-
lent.5%6 Inoculation of Arabidopsis thaliana with turnip crinkle virus has been shown
to induce genes encoding acidic PR-5 protein.?®

The induction of TLPs is not, however, restricted to virus infection or to dicots.
They are induced in both monocotyledonous and dicotyledonous plants in response
to both viral and fungal infection. Bryngelson and Green® reported that a 19 kDa
TLP was induced when barley leaves were challenged with an incompatible race of
Erysiphe graminis (powdery mildew). Similarly, when wheat seedlings were treated
with spores of Erysiphe graminis, TLP mRNA is induced within 14 h.*° Infection
of Arabidopsis thaliana with Pseudomonas syringae resulted in the induction of
TLP mRNA within 6 days* and possibly as early as 24 h.*> Lin et al.** carried out
an extensive analysis of induction of TLP in oat seedlings infected with stem rust
fungus (Puccinina graminis). Four distinct mRNAs for TLPs were shown to be
induced, some as early as 24 h after infection. Plants infected with an incompatible
isolate of the rust fungus accumulated higher levels of TLP mRNAs compared to
compatible isolates. Induction of a 16 kDa TLP (and its 0.7 kb mRNA) in response
to infiltration of rice leaves with a nonpathogenic bacterium Pseudomonas syringae
pv. syringae was reported by Reimmann and Dudler.* Rice plants respond somewhat
differently to fungal infection. Velazhahan et al.*> demonstrated that infection of rice
plants with the sheath blight fungus, Rhizoctonia solani resulted in the induction of
two TLPs of sizes 24 and 25 kDa within 1 to 2 days after infection and continued
to accumulate for several days. The corresponding mRNAs (1.1 kb) were also
induced and peaked around 4 days. There was no evidence of induction of the 16
kDa TLP or its 0.7 kb mRNA in R. solani-infected rice plants reported by Reimmann
and Dudler.** Apparently, the regulation of the larger rice TLPs is somewhat different
from that of the smaller TLP. But it is abundantly clear that TLPs can be induced
in response to viral, bacterial, and fungal infection.
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5.5.2 OsMoOTIC STRESS

Selective members of the TLP family are induced by osmotic stress. Osmotin, the
basic tobacco TLP, accumulates as dense inclusion bodies in the vacuoles of cultured
tobacco cells during adaptation to salt (NaCl or KCl) stress.!%447 As much as 12%
of total cellular protein can be osmotin under these conditions. Osmotin also accu-
mulates when tobacco cells are subjected to drought stress such as that induced by
the inclusion of 25 to 30% polyethyleneglycol in the culture medium. Even though
suspension cells approaching stationary phase also accumulate osmotin, the levels
are much lower than the levels seen in salt-adapted cells.® It was also found that
tomato cells in suspension accumulated a 26 kDa protein in response to high salt
(NaCl and KCIl), and PEG.® The induction of the 26 kDa osmotin-like protein was
also demonstrated when tomato seedlings were grown hydroponically in saline
solutions for 10 days. Immunologically related 26 kDa proteins were also detected
in alfalfa and green bean but whether or not they are induced by salt stress was not
investigated.” Subsequent characterization of the cDNA clones for both osmotin and
the tomato protein (NP24) predicted the sizes of the mature proteins to be around
24 kDa.

5.5.3 Asscisic Acib (ABA) AND ETHYLENE

When unadapted tobacco suspension cells were treated with ABA, a 26 kDa protein
indistinguishable from osmotin (except for a difference in pl) was detected within
24 h,*” but the synthesis declined rapidly within 4 days. The induction of a TLP by
ABA was observed in several plants (millet, soybean, carrot, cotton, potato, and
tomato). However, in a detailed study Singh et al.*® reported that osmotin mRNA
levels increased about 8-fold 24 h after ABA treatment, but this level was only half
of the level in salt-adapted cells. However, there was no detectable increase in
osmotin levels over that found in unadapted cells as determined by Western blot
analysis, indicating additional regulation at the translational level.

To elucidate the role of ABA in inducing osmotin mRNA and protein, Grillo et
al.* carried out experiments using ABA-deficient tomato mutants. Osmotin gene
expression and protein accumulation were enhanced in the leaves of wild-type tomato
plants in response to exposure to NaCl, abscisic acid (ABA), or after dehydration
to 80% of original plant fresh weight.*> Moreover, accumulation of osmotin mRNA
was accompanied by a large increase in endogenous ABA level. No induction of
osmotin mRNA was observed in the ABA-deficient mutant, sitiens, when subjected
to salt or water stress. Treatment of this ABA-deficient mutant with exogenous ABA
resulted in accumulation of osmotin mRNA, indicating a role for ABA in osmotin
mRNA accumulation. On the other hand, in another ABA-deficient mutant, flacca,
a twofold induction was seen with ABA application, but simultaneous application
of both NaCl and ABA resulted in an 8-fold stimulation of osmotin mRNA levels.
In transgenic tomato plants (with normal ABA accumulation upon water or salt
stress) that were transformed with osmotin promoter/B-glucuronidase (GUS) fusion
gene, induction of GUS activity by NaCl could be partially blocked by the ABA
inhibitor, fluoridone, indicating that osmotin gene expression may be triggered in
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part through ABA. Ethylene may also be involved in osmotin induction because
norbornadiene, an ethylene inhibitor, also partially inhibited osmotin mRNA accu-
mulation. When norbornadiene was administered along with fluoridone, the inhibi-
tion of salt-induced accumulation of osmotin mRNA was greater than with either
inhibitor alone, indicating that ABA and ethylene mediate osmotin induction in wild-
type tomato plants.*® Koiwa et al.!! also reported induction of osmotin and a neutral
TLP upon ethylene treatment.

Campillo and Lewis* investigated the accumulation of proteins in bean abscis-
sion zones after induction of abscission by ethylene treatment. Among the proteins
that accumulated were several PR proteins, including a 22 kDa TLP starting as early
as 24 h and continuing during the 72-h ethylene treatment. The effect of indole
acetic acid (IAA), an inhibitor of abscission, was also studied. IAA led to a sub-
stantial reduction in the levels of ethylene-induced TLP accumulation. It is possible
that TLP may be part of a preemptive defense response by the plant against pathogen
attack during programmed senescence.

5.5.4 SALICYLATE, METHYL JASMONATE, AND ELICITORS

Osmotin and related proteins are induced not only by the hormones, ethylene and
ABA, the signal molecules, salicylic acid and jasmonic acid, but also by the abiotic
elicitor, 2,6-dichloroisonicotinic acid indicating that a variety of stress signals can
induce the TLPs. When Arabidopsis plants were sprayed with dichloroisonicotinic
acid or salicylic acid, there was a rapid accumulation of mRNA encoding a TLP
(size of encoded mature protein is 23 kDa) within 1 day.*! Similarly, Koiwa et al.!!
reported the induction of an acidic TLP (PR-S), but not of osmotin or neutral TLP
in Samsun NN tobacco plants sprayed with salicylic acid. In a detailed study of
induction of osmotin expression in response to several hormones and signal mole-
cules, Xu et al.’ found that salicylic acid, methyl jasmonate, and ethylene induced
osmotin mRNA in tobacco seedlings. However, combinations of these signal mol-
ecules were much more potent (a synergistic effect) than individual compounds.
Most effective was the combination of ethylene and methyl jasmonate, which
mimicked the levels seen in osmotic stress. Okadaic acid, an inhibitor of a protein
kinase system, also resulted in induction of osmotin mRNA, suggesting that a protein
kinase signal transduction cascade may be involved in osmotin mRNA induction.
Thus, available evidence suggests the operation of multiple pathways for activation
of TLP responding to single, or combinations of environmental signals. The DNA
sequence elements that govern these responses will be discussed in more detail in
the next section.

5.5.5 WOUNDING

Neale et al.’! studied the expression of osmotin upon wounding of tobacco leaves.
Within 8 h after wounding, the levels of osmotin mRNA in wounded leaves increased
dramatically (14-fold) and persisted at least until 24 h. Interestingly, the levels of
osmotin mRNA in an unwounded leaf of the wounded plant were also elevated to
a similar level, indicating that a systemic signal was involved in osmotin gene
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regulation. Similarly, Brederode et al.>? reported that the basic forms of TLPs (but
not the acidic forms) are induced upon wounding in tobacco plants.

5.6 cDNAs AND GENES FOR TLPs
5.6.1 cDNAs

TLP clones have been isolated from cDNA libraries prepared from poly(A)-contain-
ing RNA from TMV-infected tobacco plants, salt-adapted tobacco cells, tomato
roots, fungus-infected wheat, oat, barley, and rice plants, floral meristems of Ara-
bidopsis, Atriplex nummularia, ripe cherries, mercuric chloride-treated maize, flower
buds of Brassica napus, and premeiotic tomato flowers. See Table 5.1 for a list of
some of the clones isolated and references. Included in the table are data for some
TLPs for which cDNA clones have not yet been described. As expected, the cDNAs
encode TLPs with two size ranges, consistent with the data obtained from analyses
of the proteins. It is also clear that multiple TLPs are expressed even within the
same plant exposed to a single pathogen, as in the case of tobacco, oat, and Arabi-
dopsis. In some cases, specific cDNAs are induced in response to different pathogens
as was demonstrated in the case of rice.**

5.6.2 GENES

Southern blot analyses are consistent with the presence of a small family of TLP
genes in several plants. However, the interpretations are somewhat complicated by
the finding that, because of substantial divergence, a single TLP cDNA probe often
fails to detect all genes of the TLP family, especially when stringent conditions of
hybridization are used.** Genes encoding TLPs (and related osmotin and OLPs)
have been described only from tobacco and studied extensively. These studies are
summarized below.

Two genes for TLPs, E2 and E22, have been isolated from tobacco.’® These
correspond to the major and minor forms of tobacco TLPs.! They do not have introns.
Deletion analysis of the promoter region of one PR-5 gene, E2, linked to GUS
reporter gene, indicated that the region between —1364 and —718 is important for
induction of expression of the PR-5 gene in transgenic plants in both local and
systemic induction by TMV.’* A comparison of this region of the PR-5 gene promoter
with other PR-protein gene promoters failed to indicate any sequence similarities.

A gene for tobacco osmotin was isolated and characterized.3>-¢ This gene also
does not have an intron. Studies with transgenic plants expressing an osmotin
promoter—GUS gene fusion indicated that this promoter is responsive to both ABA
and ethylene. The promoter was much more active in the root tissues than in the
shoot tissue. A more detailed study of the osmotin promoter was carried out by
Ragothama et al.,”” who demonstrated the presence of several sequence elements in
the promoter region that bound to nuclear factors presumably involved in transcrip-
tional regulation. One of these factors bound to DNA sequences that resembled the
ABA-responsive sequence TAAGA/CGCCGCC found in other genes. Three distinct
regions were identified in the osmotin promoter. One region from —108 to —248 was
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found to be essential for the gene activity. This region was responsible for regulation
by ABA, ethylene, salt, desiccation, and wounding. The other two promoter elements
had either an enhancer-like activity or a negative regulatory activity on the expression
of the osmotin gene.

A gene for the neutral osmotin-like protein (OLP) closely related to the cDNA
reported by Takeda et al.>® was isolated from tobacco.” This gene also has no introns
and is regulated by ethylene. The promoter region of this gene contained two copies
of the sequence element AGCCGCC, which is found in several basic PR-protein
genes. When transgenic tobacco plants containing the OLP promoter—GUS gene
fusion were analyzed for the reporter gene expression, it was found that mutations
in these sequences resulted in loss of ethylene-inducible GUS expression. Further-
more, EREBP2, a nuclear protein factor that specifically binds to the AGCCGCC
sequence in a tobacco B3-1,3-glucanase gene was also shown to bind to this sequence
element in OLP gene promoter, leading the authors to suggest that ethylene-induced
expression of this gene is regulated by the binding of this factor to the AGCCGCC
sequence.

The regulation of osmotin gene promoter by two elicitors, arachidonic acid and
a cellulase preparation from Aspergillus niger, was studied using osmotin pro-
moter—GUS fusions.!® The promoter was a 1.6 kb fragment from osmotin gene.> In
transgenic tobacco seedlings containing this fusion gene, GUS gene expression was
stimulated by either elicitor (cellulase was more potent), but together they had a
synergistic effect. Similar synergism was seen with osmotin mRNA accumulation
in the same plants, especially in the roots. The involvement of ethylene in the
induction of osmotin gene by these elicitors was demonstrated by the finding that
norbornadiene, an ethylene action inhibitor, completely blocked this induction. As
reported by Ragothama et al.’” for other environmental and hormonal stimuli, the
—248 to —108 region was required for induction by arachidonic acid.

5.7 TRANSGENIC PLANTS OVER-EXPRESSING PR-5
PROTEINS HAVE ENHANCED DISEASE
RESISTANCE

The isolation and characterization of cDNA and genomic clones for PR-5 proteins
has led to the generation of transgenic plants expressing these proteins at high levels
in several laboratories. The earliest studies involving transgenic tobacco plants
expressing the tobacco PR-S cDNA under the control of CaMV 35 promoter resulted
in constitutive expression of both RNA and protein.®® However, over-expression of
this protein did not result in protection against TMV infection. Further, transgenic
tobacco plants with antisense constructs of this gene had reduced levels of PR-5
protein (<20% of the levels found in control plants upon TMV infection), but no
significant differences in the symptoms or number of lesions were found.®*® When
it was subsequently shown that zeamatin and other related proteins from cereals, as
well as osmotin and osmotin-like proteins, had antifungal activity against a variety
of fungi, including P. infestans, Candida albicans, Neurospora crassa, and Tricho-
derma reesei in in vitro assays,'®?%?7 attempts were made to produce transgenic
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plants that over-express osmotin and osmotin-like protein constitutively to study the
role of osmotin in plant defense.®’*? Transgenic tobacco and potato plants over-
expressing the tobacco osmotin gene have been developed.®! The transgenic tobacco
and potato plants constitutively over-expressed osmotin to a level of 2% of total
cellular proteins, which is equivalent to that induced by fungal infection in nontrans-
formed plants. Constitutive accumulation of osmotin in transgenic potato plants led
to enhanced resistance to P. infestans, the potato late blight pathogen, indicating that
osmotin can play a defensive role during fungal infection when they are over-
expressed in a heterologous system. In contrast, transgenic tobacco plants over-
expressing tobacco osmotin did not exhibit any change in the development of disease
symptoms when inoculated with Phytophthora parasitica var. nicotianae, which is
a pathogen of tobacco plants. Purified osmotin is more effective against P. infestans
than against P. parasitica. Thus, the failure of osmotin over-expression to offer
protection against P. parasitica may be due to a lower effectiveness of osmotin
against this fungus. Alternatively, the lack of effectiveness at this concentration of
osmotin could be the result of pathogen/host coevolution as postulated by Lamb et
al.%? For example, constitutive, high-level expression of an acidic form of tobacco
PR-5 protein in transgenic tobacco plants did not affect the colonization by the
vesicular—arbuscular mycorrhizal fungus, Glomus mosseae.%

Zhu et al.%? developed several transgenic potato plants constitutively expressing
sense or antisense RNAs from chimeric gene constructs in which the CaMV 35S
promoter controlled the expression of a cDNA, pA13, for an osmotin-like protein
(OLP) from potato. In the antisense transformants, fungal-infection-induced accu-
mulation of sense OLP mRNAs and the corresponding proteins (OLP) was dimin-
ished, but there was no alteration in disease susceptibility compared to controls.
However, sense transgenic potato plants expressing high levels of potato OLP
showed delayed development of disease symptoms when inoculated with P. infestans.
These results point out that even when a potato OLP is over-expressed in potato,
there is protection against the potato late blight pathogen. Thus, it is unlikely that
the lack of protection seen against a tobacco pathogen by Liu et al.®! in transgenic
tobacco plants over-expressing tobacco osmotin is due to coevolution of host/patho-
gen, but is rather due to the specificity of interaction between the particular PR-5
protein being expressed and the pathogen used for the challenge.

Zhu et al.% tested the effect of over-expression of OLP on freezing tolerance
because the accumulation of OLP mRNAs has been reported to be associated with
the induction of freezing tolerance in potato cell cultures when cold acclimated at
4°C.% Qver-expression of sense or antisense OLP RNAs had no effect on the
development of freezing tolerance in transgenic plants. It is possible that specific
members of the PR-5 group may have specialized functions, such as freezing toler-
ance, or may possess antifungal activity against selective pathogens.

Transgenic rice plants constitutively expressing a 23 kDa rice TLP at high levels
have been obtained. The accumulation level of this protein varied among individual
transformants, but several plants accumulated TLPs to a level of 0.2 to 0.5% of total
proteins. Several lines of TLP-transformants were challenged with the sheath blight
pathogen, Rhizoctonia solani.® The plants expressing high levels of TLPs had
significantly fewer and smaller lesions compared to nontransgenic controls, indicat-
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ing that over-expression of a rice TLP can result in protection against the spread of
the disease even though the onset of disease was not prevented (see Chapter 13).

5.8 EXTRACELLULAR TARGETING OF PR-5 PROTEINS

The results of Liu et al.,®! Zhu et al.,®? and Datta et al.%® discussed above indicated
that over-expression of TLPs can enhance the resistance to at least some fungal
pathogens. It is conceivable that the protection offered by these proteins, which
normally accumulate in the vacuoles, would prevent the spread of the pathogen
rather than the onset of the disease. Several groups have attempted to target these
TLPs to a different cellular location by manipulation of these genes. The AP24 gene-
encoded osmotin has an N-terminal stretch of 25 amino acids which resembles a
signal peptide sequence. Comparison of the amino acid sequence of mature AP24,
obtained by sequencing peptide fragments of AP24 with the sequence predicted
from cDNA clones, indicated that posttranslational processing of this protein
involves removal of the 25 amino acid-long N-terminal signal peptide and an 18
amino acid-long C-terminal propeptide. An examination of the C-terminal amino
acid sequences of vacuolar TLPs, namely, AP24 from tobacco, NP24 from tomato,
and thaumatin and the extracellular PR-5 protein (PR-R) of tobacco, indicated that
the intracellular PR-5 proteins contain extensions of between 8 and 21 amino acids
beyond the C-terminus of the extracellular PR-5 protein. To determine the possible
role of the C-terminal amino acid extension of AP24 in vacuolar sorting, wild-type
and a C-terminus deletion mutant of ap24 gene were introduced and expressed in
transgenic tobacco plants. In transgenic tobacco plants expressing the wild-type
construct, the encoded AP24 protein accumulated in the vacuoles. In contrast, the
protein produced in plants expressing the mutant construct was secreted to an
extracellular location, suggesting that the C-terminal propeptide is necessary for
targeting AP24 to the vacuoles. Nevertheless, the truncated protein caused sporangial
lysis of Phytophthora infestans, indicating that it has retained its biological activity.
Similarly a C-terminal deletion of a neutral PR-5 protein (OLP) has been reported
to result in secretion of OLP into the extracellular space in transgenic tobacco plants,
suggesting that C-terminal sequences of several TLP proteins may be involved in
vacuolar targeting,®’ as in the case of several other PR-proteins.

Liu et al.®® generated transgenic tobacco and potato plants over-expressing an
osmotin gene with a deletion of the region coding for a 20 amino acid-stretch at the
C-terminus. The osmotin from the truncated osmotin gene was secreted into the
extracellular matrix. The truncated osmotin purified from transgenic tobacco plants
retained their antifungal activity against Trichoderma longibrachiatum comparable
to the full-length protein. In the early stages of infection, transgenic plants expressing
the osmotin extracellularly appeared to have fewer disease symptoms than the plants
expressing osmotin in the vacuoles. However, at later stages, the two sets of trans-
genic plants were indistinguishable in their disease resistance, but both sets of
transgenic plants had fewer symptoms than nontransgenic plants. Therefore, it is
likely that in order to achieve a more complete inhibition of fungal pathogens, proper
targeting of PR proteins and control of the timing of their expression may be needed.
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5.9 DO OTHER DEFENSE PROTEINS HAVE PR-5
PROTEIN DOMAINS?

In addition to the inducible TLPs with sizes of 16 to 26 kDa, other proteins immu-
nologically related to thaumatin with larger sizes have been detected in floral tissues.
Using monospecific anti-thaumatin antibodies, Richard et al.!? detected proteins with
molecular masses of 42.6, 31.6, and 26.3 kDa in immature and mature flower organs
and other proteins with sizes of 46.7, 41.7, and 27.5 kDa in thin cell layer explants
forming flowers. Immunolocalization indicated that these TLPs were synthesized in
newly differentiated floral meristems, tracheids, and parenchyma cells. Further evi-
dence for the presence of larger protein(s) with sequence similarity to TLPs has
come from the isolation of a gene from Arabidopsis thaliana.®® During a search for
a gene for S-locus receptor kinase (SRK) using a kinase domain probe related to
SRK, these authors isolated a gene encoding a protein with an extracellular domain
related to PR-5 proteins, a central transmembrane domain, and a C-terminal domain
resembling serine/threonine kinases. This protein was 665 amino acids long, signif-
icantly larger than the typical size of about 200 amino acids for most TLPs. This
gene was found to be expressed in rosette leaves and siliques and, at higher levels,
in inflorescence stems and roots of Arabidopsis. However, this gene was not
expressed in leaves of Arabidopsis plants inoculated with turnip crinkle virus under
conditions when normal-size TLPs were induced by this virus, suggesting a role as
a preexisting pathogen surveillance mechanism rather than as a defense response.
The sequence similarity between the extracellular domain of this receptor kinase
and PR-5 proteins suggests that a common microbial epitope may be recognized by
this kinase and TLPs.%

5.10 OSMOTIN INTERFERES WITH A SIGNAL
TRANSDUCTION PATHWAY

Studies carried out with several laboratory strains of yeast differing in their sensitivity
to osmotin have indicated a role for cell wall-associated proteins, called PIR proteins,
in conditioning sensitivity to osmotin. Over-expression of the PIR proteins, which
were immunolocalized in the cell walls of yeast cells, was shown to result in greater
resistance to osmotin.?3 Further, removal of the cell walls rendered the resulting
spheroplasts from both resistant and sensitive yeast equally sensitive to osmotin,
suggesting that the cell wall acts as a barrier to prevent osmotin from reaching the
targets in the plasma membrane. More recent experiments have revealed that osmotin
interferes with a yeast signal transduction pathway to overcome the defensive role
of cell wall barrier proteins (PIR proteins).®* The pathway involves several (STE4,
STE18, STE20, STES5, STE11, STE7, FUS3, KSS1, and STE12) of the signal
transduction components regulating mating pheromone response, which utilizes a
heterotrimeric G-protein and a MAP kinase cascade. Deletions of the genes encoding
components of the pheromone response signal transduction pathway enhanced resis-
tance to osmotin. However, a mutation in the gene for a negative regulator of the
pathway, SST2, resulted in supersensitivity to osmotin. Phosphorylation of STE7
was enhanced within 5 minutes of osmotin treatment, indicating that the activation
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of the pathway precedes cell death. These results point out an additional role of
osmotin in altering signal transduction pathways of the pathogen to enhance its
sensitivity. These investigators also observed that osmotin treatment resulted in
dramatic vacuolization, membrane blebbing, and nuclear and cytoplasmic conden-
sation, which are classic symptoms of apoptosis, suggesting that osmotin may be a
signal for programmed cell death.

5.11 CONCLUSION

Infection of plants with pathogens often leads to an increase in the amounts of
proteins belonging to several classes of PR proteins with antimicrobial activity.
While PR proteins such as chitinases (PR-3 group) and B-1,3-glucanases (PR-2
group) have the potential to hydrolyze the cell wall components, chitin and j3-1,3-
glucan, respectively, cell walls of most agronomically important fungi in the taxo-
nomic class Oomycetes have p-1,3-glucan but contain no chitin. Oomycetes fungi
such as Phytophthora cactorum, Pythium ultimum, and Pythium aphanidermatum
are also insensitive to a mixture of chitinase and B-1,3-glucanase.”® The PR-5
proteins exhibit antifungal action against many fungi, including P. infestans, a
member of the class Oomycetes.?® The finding that TLPs have a membrane-perme-
abilizing function with selectivity to fungal pathogens makes this class of proteins
very attractive as components of antifungal defenses that can be deployed against
pathogens that are not controlled by other PR proteins. Greater success in controlling
devastating fungal diseases may be achieved by a combination of defense strategies
involving multiple groups of PR proteins which have different cellular targets. Our
knowledge of how PR-5 proteins inhibit the fungal growth is still rudimentary. Much
work still needs to be done to understand the mechanism of antifungal action of
PR-5 proteins so that the full potential of this class of PR proteins as defense proteins
can be realized.
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6.1 INTRODUCTION

Pathogenesis-related (PR) proteins were first defined as “proteins encoded by the
host plant but induced only in pathological or related situations.”! After being
originally detected in soluble extracts of tobacco leaves reacting hypersensitively to
tobacco mosaic virus (TMV),%* 10 major acidic PR proteins were isolated from this
material and grouped into five families on the basis of their relative mobility on
native alkaline polyacrylamide gels and on their serological relationships.* These
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five major groups were then found to generally occur in many plant species, including
dicots and monocots. The biological function of PR proteins has remained myste-
rious for 15 years, but extensive investigation in the past decade has demonstrated
the antimicrobial capabilities of this class of defense proteins. For a detailed descrip-
tion of the structures and properties of PR proteins, their role in plant defense, and
the regulation of their genes, the reader is referred to the introductory chapter of
this volume and to several comprehensive reviews published in this field.>”’

As more work was being conducted to characterize novel inducible defense
proteins, enzymatic proteins were isolated whose activities and primary structures
did not fit into the framework of the five families of PRs defined initially for the
tobacco model system. Yet, their biological activities and induction patterns sug-
gested these novel proteins may work in concert with the well-established PR
proteins to protect plants from invading pathogens. A definition of additional families
of PR proteins was needed to accommodate the newly characterized proteins and
complete the description of the antimicrobial repertoire of plant defense proteins.

The recommendations allowing classification of PR proteins were updated, and
the definition of a PR protein has been broadened.® The main criterion for a protein
to qualify as a PR remains the inducibility of its gene in pathological or related
situations. Pathological situations “refer to all types of infected states, including
parasitic attack by nematodes, phytophagous insects, and herbivores.”® Related sit-
uations include “the application of chemicals that mimic the effect of pathogen
infection or induce some aspects of the host response, as well as wound responses
that give rise to proteins that are also induced during infections.”® This latter aspect
will be important in this chapter. We feel that the physicochemical properties and
quantitative aspects of PR proteins, on which their initial detection and isolation
were based, should be taken into account in addition to inducibility for defining a
protein as pathogenesis related. These properties include a high stability at low pH
and a remarkable resistance to endogenous and exogenous proteinases, two charac-
teristics which make these proteins well adapted to the harsh conditions prevailing
in the cellular compartments where they occur — the vacuole, the cell wall, and/or
the apoplast.®

Proteinase inhibitors (PIs) are highly stable defensive proteins of plant tissues
that are both developmentally regulated and induced in response to insect and
pathogen attacks.® They were first isolated from seeds of Leguminosae, Gramineae,
and Solanaceae (for an early review, see reference 10) before the discovery of PR
proteins. More recently, novel PIs with defensive capabilities were described in many
other plant families.’

In 1994, the family 6 of PR proteins was created along with five new families,?
and the category was allotted to a well-characterized family of PIs first described
by Green and Ryan.!! By definition, a PR protein family groups proteins with
extensive sequence similarities, serological relationships, and/or the same biological
activity.? Similarly, the PR-6 family was created for PIs related to the “tomato
inhibitor I,” which was the most extensively characterized inhibitor and for which
homologs have been found in several plant species.!> The definition of the PR-6
family is debatable, since it is limited to a sole subclass of inhibitors of serine
proteinases. As it will appear below, an examination of the PIs potentially involved
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in plant defense shows that members of virtually all known types of plant proteinase
inhibitors can interact with proteinases from plant-attacking organisms. This review
is thus not restricted to the tomato/potato I subclass of inhibitors but attempts to
give an update on our knowledge on PIs of different subclasses implicated in
plant-microbe and plant—insect interactions. However, it does not list exhaustively
the early work in the field, nor does it consider any particular plant PI. Rather, it
focuses on recent examples in which data on gene induction, inhibition of pathogen
proteinases, or enhanced resistance of transgenic plants suggest a role in plant
defense.

In the context of PR proteins, several aspects of the biology of proteinase
inhibitors distinguish them from the ‘“historic” PR protein families. As already
pointed out, families 1 to 5 group proteins with marked sequence similarity, whereas
PIs form structurally unrelated subclasses of proteins with various regulations, but
having in common the property to bind proteinases. Furthermore, PIs control pro-
teinase activity, a general biochemical function likely involved in many physiological
processes during the development of a plant. The involvement of PIs in defense may
therefore only represent one aspect of their function in the plant cell.

Pathogenic organisms colonizing plant tissues rely on a set of proteinases as
part of their virulence factor. These proteinases belong to the four widespread
mechanistic classes of proteolytic enzymes, i.e. serine-, cysteine-, aspartic-, and
metallo-proteinases. In parallel, plants have evolved genes encoding inhibitors that
inactivate some of these proteinases and thus may reduce the ability of the aggressor
to digest host proteins and therefore limit the availability of amino acid source for
the invader. This is considered part of the continuous battle taking place during the
infection process where the two living organisms try to overcome each other’s lytic
enzymes. Other examples include the polygalacturonase-inhibiting proteins secreted
by plants to prevent hydrolysis of pectic components of their cell walls by fungal
polygalacturonases.!? Recently, evidence was presented that fungal pathogens secrete
proteins that selectively inhibit some plant endo-[3-1,3-glucanases of the PR-2 fam-
ily.!* Further work may reveal other enzyme-inhibitor systems whose balance could
influence the outcome of attempted infections.

As already pointed out, plants have evolved isoforms of proteinase inhibitors
that have been proven to efficiently inactivate proteinases from microbes, parasites,
or insects, and these can be considered genuine defense proteins. The following
paragraphs will review recent data on the involvement of PIs in natural plant defense.

6.2 OCCURRENCE AND STRUCTURE OF PLANT
PROTEINASE INHIBITORS WITH POTENTIAL
DEFENSIVE CAPABILITIES

While more than 10 unrelated subclasses of proteinase inhibitors are known in
plants,’ data clearly suggesting a role in defense responses are available only in a
limited number of cases. In this chapter, we chose to review examples of PIs which
were recently shown to be active on microbial or insect proteinases, or whose genes
are induced in infected or wounded plants. Other interesting examples will be
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TABLE 6.1

Examples of Plant Proteinase Inhibitors with Potential Roles in Defense Against

Pathogens

Proteinase
type

SERINE

CYSTEINE

ASPARTIC

METALLO-

Proteinase
inhibitor
(P1) type

Potato 1

Potato II

Bowman-Birk

Kunitz

Uncharacterized

Pls induced in
plant—pest
interactions

Green and Ryan'!
Geoffroy et al.”
Pautot et al.”’
Heitz et al.®
Cordero et al.3!
Pautot et al.”’
Rickauer et al.!'®
Pearce et al.?!
Balandin et al.'s
Gadea et al.??
Rohrmeier and Lehle®?
McGurl et al.%
Snowden et al.%
Stevens et al.>
Bradshaw et al.®®
Ishikawa et al.*
Saarikoski et al.®®
Yeh et al.¢”

Suh et al.!?¢

Peng and Black?®
Roby et al.?®
Hildmann et al.>”
Botella et al.®®

Hansen and Hannapel*®
Hildmann et al.’’
Graham and Ryan®
Martineau et al.>

Pls active
against microbial
proteinases

Geoffroy et al.”

Terras et al.*®
Marchetti et al.*
Lilley et al.”

Marchetti et al.*

Roby et al.?8
Lorito et al.*’
Kondo et al.’
Urwin et al.
Atkinson et al.'?’
Lilley et al.”

Pls active against
insect proteinases

Markwick et al.”

Johnson et al.8!
Duan et al.?

Ceciliani et al.”
Hilder et al.?°
Xu et al.®

Santos et al.”!

Macintosh et al.”®

Hines et al.”’

Orr et al.”®

Bolter and Jongsma®®
Irie et al.%

Kuroda et al.”®

Zhao et al.””

Markwick et al.”

considered in which inhibitors isolated from seeds or tubers can efficiently inactivate
proteinases from pests, either in artificial diets or when overexpressed in transgenic
plants. In addition, such genes encoding seed- or tuber-specific PIs were shown in
several instances to be wound- or pathogen-inducible in aerial parts of plants.
Members of the serine and, to a lesser extent, the cysteine proteinase inhibitor
families show a wide diversity in structure and regulation, while aspartic acid and
metalloprotease inhibitors are the less documented classes. One possible explanation
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may be that plant pathogens rely mainly on serine and cysteine proteinases to digest
plant proteins and that during the course of plant—parasite coevolution, plants have
acquired several means of inhibiting such proteinases. Table 6.1 summarizes the
classes of proteinase inhibitors considered in this review.

6.2.1 SERINE PROTEINASE INHIBITORS

Potato I type inhibitors are small 8 kDa proteins possessing one reactive site, which
shows a great variability, thus allowing them to react with many different microbial
or animal serine proteinases, such as trypsin, chymotrypsin, or subtilisin, which
differ by their cleavage specificity. Laskowski et al.!> showed that the “reactive sites”
of serine proteinase inhibitors are mutating faster than amino acids in the rest of the
proteins, implying that their roles in defense against pathogens may exert a strong
selective pressure to conserve the reactive sites of proteinase inhibitors. In contrast,
one may argue that a high mutating rate in the active site facilitates the adaptation
to changes introduced in the target proteinase.

Potato II type inhibitors form an interesting subclass because they present a
variable number of homologous active domains. The “historical” members which
defined this subclass were isolated from tomato and potato and possessed two active
sites, one directed against trypsin and the other against chymotrypsin. Their mature
forms consist of 12 kDa proteins with dual specificity. Smaller inhibitory peptides
from potato bearing a single catalytic domain are also known.!'® Recently, cDNAs
for new members were isolated from tobacco and tomato and were shown to encode
proteins with three putative inhibitory domains.!”!° Finally, a cDNA encoding a
protein with homology to tomato PI-II was isolated from Nicotiana alata stigmas.?
The predicted protein contains six repeated domains, each with a potential reactive
site. Homologous peptides were isolated from wounded tobacco leaves?! and may
arise from a multimeric precursor after proteolytic processing. The high structural
diversity of this gene family has likely evolved from duplication of an ancestral
gene. Thus, it appears that plants have acquired the capacity to synthesize large
precursors to increase the amounts of inhibitory peptides that can be rapidly released
when needed. This may have been necessitated by the fact that one molecule of
inhibitor irreversibly interacts with one proteinase molecule: thus, the molecular
ratio has to be in favor of the inhibitor to achieve total inhibition of proteinase activity.

Two other subclasses of serine proteinase inhibitors have been studied in detail.
Kunitz type and Bowman-Birk type inhibitors, both isolated in 1946 from soybean
and homologs have since been characterized from many plant species.?? Kunitz-type
inhibitors are single headed 20 to 22 kDa proteins. Bowman-Birk inhibitors are 8
to 16 kDa proteins and are composed of one or two active sites (single- or double-
headed inhibitors) in monocots, and two sites in dicot plants.?

6.2.2 CYSTEINE PROTEINASE INHIBITORS

Inhibitors of cysteine proteinases are called “cystatins” and are proteins in the 12
to 15 kDa molecular mass range which define three distinct subclasses, some of
which resemble inhibitors from animals.?* One exception is a potato 85 kDa tuber
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protein that contains eight homologous cystatin domains.?> Cystatins have been
found in many plant species and their presence may be ubiquitous.’

6.2.3 ASPARTYL- AND METALLO-PROTEINASE INHIBITORS

These two latter classes have not been analyzed extensively, and members have been
described only from tomato and potato.® Inhibitors of metallo-proteinases isolated
from plants inactivate exo-peptidases like pancreatic carboxypeptidases A and B.

6.3 PROTEINASES AND PROTEINASE INHIBITORS IN
PLANT-MICROBE INTERACTIONS

6.3.1 INDUCTION OF PROTEINASE INHIBITORS IN INFECTED PLANTS

Induction of proteinase inhibitor activity was described in a number of plant—patho-
gen interactions. Peng and Black?® first described an increase in trypsin and chy-
motrypsin inhibitory activity in tomato leaves infected with the fungus Phytophthora
infestans, the induction being stronger in resistant than in susceptible cultivars. The
molecular species responsible for the activity were not determined, but in a more
recent study, Pautot et al.?’ demonstrated the accumulation of serine proteinase
inhibitor I and IT mRNAs in leaves of both disease-susceptible and disease-resistant
cultivars of tomato infected by the bacterial pathogen Pseudomonas syringae pv.
tomato. Roby et al.?® described the increase of PI activity in melon plants infected
by the fungal pathogen Colletotrichum lagenarium. The partially purified fraction
was found to be active against a proteinase produced by the fungus and also against
trypsin. The microbial proteinase inhibitor of tobacco is one of the best characterized
pathogen-induced proteinase inhibitors. A strong inhibitory activity is induced in
tobacco during the hypersensitive reaction to tobacco mosaic virus (TMV). The
purified inhibitor is an 8 kDa protein belonging to the potato inhibitor I family and
displays a strict specificity for serine proteinases of microbial origin, such as sub-
tilisin or proteinase K.? Two closely related cDNAs were cloned and shown to
encode two active inhibitors.® Both mRNAs and proteins accumulate in tobacco in
response to TMV with the same kinetics as those described for the “initial” 5 families
of PR proteins, and this property contributed, along with their overall stability, to
the inclusion of PIs as a novel family of PR proteins.® TM V-infected tobacco leaves
also express a gene with sequence similarity to potato II type PIs.!® In maize
germinating embryos, a PI mRNA of the potato I family accumulates in response
to infection by Fusarium moniliforme in parallel to a PR-1 mRNA. However, the
two gene families were shown to be activated by different plant signaling mole-
cules.?! In a search for tomato genes induced by citrus exocortis viroid that are also
ethylene responsive, Gadea et al.3? isolated a cDNA coding for a three-domain
inhibitor of the potato II type which is similar in sequence and structure to a TMV-
induced mRNA. '8 Finally, a gene that is related to the Bowman-Birk type of serine
PIs is strongly induced along with other PR genes during the incompatible interaction
of barley seedlings with the fungus Stagonospora nodorum.??
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It appears clearly from this overview that our knowledge of the contribution of
proteinase inhibitors in pathogen-induced plant defense is still fragmentary. In many
cases in which an inhibitory activity has been detected, the inhibitor protein has not
been isolated and characterized, nor has its specificity been precisely addressed.
Moreover, the cognate target proteinase is generally unknown. The search for the
inhibitor target is usually hampered by the fact that the specific recognition of a
pathogen by the plant triggers the activation of a very broad spectrum of antimicrobial
responses leading ultimately to the hypersensitive reaction. Some of these responses,
including proteinase inhibitors, may not find a matching target in every inducing
pathogen and, therefore, their potential role in defense cannot be easily assessed.

6.3.2 PROTEINASE INHIBITORS ACTIVE ON MICROBIAL PROTEINASES

To colonize host plant tissues, microbial pathogens rely on a set of hydrolytic
enzymes that are coordinately expressed during the course of infection. The specific
involvement of proteinases in these processes is difficult to evaluate, since the relative
importance of proteolytic activity in pathogenicity may be highly variable and when
required, proteinase activity may be involved at specific steps of the infection cycle.
Some of the microbial proteinases are only produced in planta, and very few have
been characterized in detail. In the replication cycle of some plant viruses encoding
polyproteins, proteolytic processing is required to release functional proteins and is
catalyzed by enzymes encoded by the viral genome. For instance, comoviruses
encode a single proteinase,** whereas some potyviruses encode three proteinases
belonging to several classes.’ Viral proteinases usually present a strict substrate
specificity for motifs present in the cognate precursor to be cleaved. Although they
are indirectly required for the replication and spread of these viruses, they are not
considered pathogenicity factors degrading structures of the host. Interestingly, oryz-
acystatin, a cysteine proteinase inhibitor from rice seeds, was found to reduce
poliovirus replication in cell cultures and herpes simplex virus replication in infected
mice.?¢37 However, these studies did not determine if the antiviral effect was the
result of viral cysteine proteinase inhibition. In fact, plant proteinase inhibitors
induced in response to a viral infection and blocking the viral cycle by inhibiting
polyprotein processing of the inducing virus have not yet been described.
Bacterial and fungal plant pathogens secrete proteinases that are generally not
individually required for growth on synthetic media, but may contribute to their
aggressiveness when colonizing plant tissues. Extracellular enzymes (pectin-degrad-
ing enzymes, cellulases, proteinases) secreted by phytopathogenic bacteria have been
studied mainly in the genera Erwinia and Xanthomonas. Bacterial mutants pleiotro-
pically defective in the export of plant cell wall depolymerizing enzymes are essen-
tially nonpathogenic on the different plant species tested.®* Concerning proteolytic
enzymes in particular, Erwinia carotovora and E. chrysanthemi species secrete
mainly metallo-proteinases whose roles in pathogenicity have not been individually
tested and for which no plant inhibitor is known.*® The role of an extracellular
proteinase has been studied in Xanthomonas campestris pv. oryzae, the agent of rice
leaf blight, by transposon mutagenesis. The populations of a proteinase-defective
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mutant in rice plants were 10- to 100-fold smaller than those observed for the parental
strain, suggesting an active role for proteinase in this disease.*' Similarly, a protein-
ase-deficient mutant of Xanthomonas campestris pv. campestris, the black rot patho-
gen, which lacked a serine- and a metallo-proteinase activity, showed considerable
loss of virulence in pathogenicity tests when bacteria were introduced into mature
turnip leaves through cut vein endings.®

Relatively few studies have characterized the physiological roles of proteinases
secreted by fungal phytopathogens, for which efficient genetic transformation sys-
tems are frequently lacking. The early steps of the colonization of several plant host
species by Botrytis cinerea imply an aspartic proteinase. When fungal spores were
pretreated with pepstatin, a synthetic inhibitor of this class of enzymes, the level of
infection was markedly reduced.*> Remarkable data were also obtained for the
interaction between Pyrenopeziza brassicae and oilseed rape. An apparent strict
correlation exists between pathogenicity levels on detached cotyledons and extra-
cellular cysteine proteinase production in vitro.*> When a proteinase-deficient mutant
was transformed with a genomic library from wild-type P. brassicae, a transformant
was obtained which showed concomitant restoration of pathogenicity and proteolytic
activity. However, studies on different pathosystems suggest that some protease-
deficient mutants maintain a normal aggressiveness level when compared to the
wild-type strain on a natural plant host species.*

In addition to the limited knowledge of the role of microbial proteinases them-
selves in pathogenicity, the effect of plant PIs on the activity of enzymes from
microbial pathogens has been the subject of relatively little research. Several early
reports describe inhibitors that specifically inhibit proteolytic enzymes from micro-
organisms and not digestive proteases of animals.’ These inhibitors are common in
legume seeds, and although they do not meet the inducibility criterion to define them
as PR proteins, they deserve interest because of their demonstrated defensive capa-
bilities. The well-characterized soybean Kunitz and Bowman-Birk inhibitors were
recently found to inhibit proteinases from nonpathogenic fungi and bacteria, in
addition to being active on trypsin, chymotrypsin, and elastase.® Inhibitors isolated
from kidney bean seeds specifically inactivate a serine proteinase from the fungal
pathogen Colletotrichum lindemuthianum, but they are inactive against trypsin.*6 A
preparation of four trypsin and chymotrypsin inhibitors from cabbage foliage whose
subclass was not determined showed antifungal activity in an in vitro bioassay. This
preparation inhibited spore germination and germ tube elongation and also elicited
cytoplasmic leakage in the pathogenic fungi Botrytis cinerea and Fusarium solani.*’
However, the effect was not observed for Alternaria brassicicola, a cabbage patho-
gen; nor was it seen with soybean trypsin inhibitor tested under the same conditions
on the three fungal species. These data indicate that a high specificity exists in the
interactions of the plant PIs with the fungal enzymes. According to the authors, one
explanation for the observation of cytoplasmic leakage would be that the cabbage
inhibitors may block the synthesis of chitin in the fungal cell wall. It has been
reported that chitin synthase, an important enzyme for fungal growth, is produced
as a zymogen and is activated by endogenous trypsin.*® Therefore, selected protein-
ase inhibitors may function as repressors of the activation of chitin synthesis, which
would be a novel site of action for a fungicide. Trypsin inhibitors from barley showed
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synergistic antimicrobial activity on filamentous fungi and gram-positive bacteria in
combination with wheat and barley thionins.* Thionins are known to permeabilize
hyphal membranes, but the specific synergistic action of PIs is unclear. As PIs are
frequently induced coordinately with other defense responses,® possible synergistic
effects with other PR proteins should be investigated.

Evidence has recently emerged on detrimental effects of PIs on plant-parasitic
nematodes. Plant defense responses to cyst-nematode infestation were suggested
to obey a gene-for-gene interaction,” and a gene for resistance to Heterodera
schachtii was recently isolated from sugar beet.>! Lilley et al.’? investigated the
presence of proteinases in cryostat sections of the soybean cyst-nematode, Het-
erodera glycines, using synthetic substrates for cysteine and serine proteinases.
Detected activity was restricted to the intestine and could be inhibited with a
combination of cowpea cystatin (CCPI) and Oc-IAD86, an engineered variant of
oryzacystatin with an enhanced affinity, suggesting that both cysteine and serine
proteinases were present within the intestine. In a related study, Urwin et al.>* could
profoundly disturb the life cycle of the free-living nematode Caenorhabditis elegans
using wild-type oryzacystatin (Oc-I), Oc-IAD86, and cowpea cystatin. After being
hatched on a normal medium, no larvae developed to the adult stage when trans-
ferred to Oc-I-, Oc-IAD86-, or CCPI-containing medium for 6, 12, or 24 h after
hatching. These larvae could not recover following transfer to fresh, non-supple-
mented medium and eventually died. Finally, the behavior of the plant parasitic
nematode Globodera pallida was studied in transgenic tomato roots over-expressing
oryzacystatins. It was found that the expression of Oc-I and Oc-IAD86 in hairy
roots affected the growth of G. pallida. Individuals feeding on Oc-IAD86-express-
ing roots failed to increase in size between 4 and 6 weeks, while adult females
growing on control plants increased their cross-sectional area by threefold.>* The
authors suggest that this age-sensitive effect may arise from stage-specific differ-
ences in proteinase activity in G. pallida or from accumulation of Oc-IAD86 in the
parasite over time.

6.4 PROTEINASES AND PROTEINASE INHIBITORS IN
PLANT-INSECT INTERACTIONS

6.4.1 INDUCTION OF PROTEINASE INHIBITORS BY HERBIVORE
INSECTS AND/OR MECHANICAL WOUNDING

The first evidence that environmental factors could affect the regulation of PIs in
plants came from the observation that Colorado potato beetles feeding on tomato
and potato leaves induced the accumulation of large quantities of PIs.!! It was then
found that any severe mechanical injury of the leaves induced the response through-
out the plant, both locally and systemically. Subsequent research has shown that the
regulation of proteinase inhibitor proteins in response to insect damage is widespread
in nature, and wound-inducible PIs have been described in numerous plant families.!?
In most of the studies, the inducibility by genuine insect attacks was not investigated.
The most extensive work was carried out in tomato and potato, which were found
to have wound-inducible genes encoding inhibitors of the four mechanistic classes
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of proteinases described above.!>3* Among them, type I and type II serine pro-
teinase inhibitors from tomato and potato were then used as marker genes to dissect
biochemically the signaling pathways leading to the expression of defense protein
in response to insect attacks.50!

A cDNA encoding a type I PI was isolated from maize embryos, and the
accumulation of its mRNA was shown to be wound- and pathogen-inducible.’! At
least three examples of wound-inducible Bowman—Birk type inhibitor genes have
been characterized in maize, wheat, and alfalfa. The wip/ gene is activated in cut
etiolated maize seedlings.®> The wali3 and wali5 genes were isolated as aluminum-
responsive genes in wheat and were subsequently shown to be induced in wounded
leaves and roots.® In these two cases, it is not known if these genes encode functional
inhibitors. The ati gene is mechanically inducible in alfalfa leaves and stems and is
expressed in roots in response to microorganisms present in the soil.% Interestingly,
two genes from poplar (win3) and willow (swinl.I) encode proteins similar to
Kunitz-type inhibitors and are systemically induced in wounded trees.5>-%¢ Similarly,
three cDNAs similar to the Kunitz type of inhibitors were isolated from potato tubers,
and one of the corresponding genes, pkpi-A, was found to be wound-inducible in
leaves.” Finally, the storage protein sporamin, which accumulates in sweet potato
tubers, was recently found to display sequence similarity with Kunitz-type inhibitors.
The recombinant protein expressed in E. coli has strong trypsin inhibitory activity,
and its gene was demonstrated to be systemically induced by wounding in leaves.®’
Wound-induced genes encoding cysteine proteinase inhibitors are known in potato’’
and in soybean.®® In both cases, the accumulation of transcripts occurred locally,
and also in distal, unwounded leaves. Similar expression profiles were described for
aspartyl proteinase inhibitor genes of cultivated potato®’ and of a non-tuber-bearing
potato species.® A metallocarboxypeptidase inhibitor activity has also been shown
to increase in potato leaves after wounding.®® In tomato leaves, wounding causes a
dramatic increase in a metallocarboxypeptidase inhibitor mRNA without a concom-
itant increase of the corresponding protein, suggesting a control at the post-tran-
scriptional level.*®

6.4.2 PRrOTEINASE INHIBITORS ACTIVE ON INSECT DIGESTIVE
PROTEINASES

The activation of plant PI genes by mechanical wounding is believed to mimic the
chewing action of herbivore insects, and many inhibitors found to be inducible by
mechanical damage likely have putative target proteinases in the digestive tracts of
specific insect predators. Studies on the effect of PIs on insect physiology began
when Lipke et al.”® found that a protein fraction from soybean inhibited growth, as
well as proteolytic activity in vitro, of the meal worm, Tribolium confusum. Evidence
has accumulated during the last decades on the interactions between insect protein-
ases and plant proteinase inhibitors.’

Digestive proteolytic enzymes from insects have been studied mainly in the
orders Lepidoptera and Coleoptera, which both include a number of crop pests.’
Proteolytic activity in the digestive tracts of Lepidopteran insects is mostly accounted
for by serine proteinases, whose activity is optimal in the 9 to 11 pH range, a value
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generally found in the midguts of these insects. In contrast, Coleopteran insects use
mainly cysteine proteinases for food digestion, and their midguts have a mildly
acidic (pH~5) pH, which is adapted to the optimal requirements of these proteinases.
Plant proteinase inhibitors inactivating both types of enzymes are known and were
shown to have antinutritional effects on insects, with consequences on growth and
development.® The physiological effects of the inhibitors are not simply limited to
a reduction of the proteolytic activity in the digestive tracts of insects. Feedback
mechanisms exist that compensate the loss of proteolytic activity by a hyperproduc-
tion of proteinases, which in turn can lead to the depletion of essential amino acids
and finally to retarded growth rates.”! In support of this hypothesis, it was found
that the negative effects of soybean trypsin inhibitor and potato inhibitor II in diets
of Heliothis zea and Spodoptera exigua could be reversed by the addition of methion-
ine in the insect food. Potent inhibition of insect proteinases has been demonstrated
for several types of constitutive or wound-inducible PIs. When added to artificial
diets, potato PI-I was the most effective single PI in reducing the growth rate of
larvae of the codling moth, Cydia pomonella, followed by soybean trypsin inhibitor.”
The most significant reductions in growth rates occurred with a combination of
potato PI-I and carboxypeptidase inhibitor. A single-headed Bowman-Birk trypsin
inhibitor from snail medic seeds (Medicago scutellata) was shown to inhibit the
trypsin-like activity of the crop pests Adoxophyes orana, Hyphantria cunea, Lobesia
botrana, and Ostrinia nubilalis.”® Insects from the order Coleoptera are generally
insensitive to serine proteinase inhibitors. For example, larvae of the cowpea weevil
can consume cowpea tissues containing several percent of the total protein as serine
proteinase inhibitors without adverse effects on digestion.” In contrast, several plant
cystatins were demonstrated to be active on digestive proteinases from various
Coleopteran species. Oryzacystatin purified from rice seeds was shown to inhibit
almost completely proteolytic activity in midgut extracts of the rice weevil and of
the red flour beetle, two stored grain insects” and to cause growth retardation or
death of two bean insect pests of the Coleoptera and Hemiptera orders.”® A similar
activity was also described for a cystatin in soybean seeds.”” The 85 kDa protein
crystals identified in potato tubers as multicystatin effectively caused growth inhi-
bition of corn rootworm larvae.”® One constitutive (L1) and two wound- and methyl-
jasmonate-inducible (N2 and R1) soybean leaf cystatins were studied for their
inhibition capabilities on digestive enzymes. The inhibition constants of the inducible
inhibitors against papain were about 1000 times lower than the inhibition constant
of the constitutive inhibitor.” In addition, the wound-inducible N2 and R1 cystatins
had substantially greater inhibitory activities than L1 against gut cysteine proteinases
of the third-instar larvae of western corn rootworm and Colorado potato beetle.
These in vitro effects of PIs were confirmed in vivo on several plant—insect
systems by the use of transgenic plants. Hilder et al.®® demonstrated that tobacco
plants expressing a foreign cowpea trypsin inhibitor gene (Bowman-Birk subclass)
were more resistant to attacks by larvae of the Lepidopteran Heliothis virescens than
untransformed control plants. Johnson et al.?' transformed tobacco with genes coding
for serine PIs of the potato I (chymotrypsin inhibitory activity) and potato II sub-
classes (having trypsin and chymotrypsin inhibitory activity). Plants expressing high
levels of inhibitor II protein caused severe growth retardation or even death when
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fed to larvae of Manduca sexta, the tobacco hornworm. In contrast, larvae grew
similarly on plants accumulating inhibitor I and on untransformed plants, indicating
that the trypsin-inhibitor activity of inhibitor II was solely responsible for the inhi-
bition of growth. The defensive role of the wound-inducible PIs was elegantly
demonstrated by Orozco-Cardenas et al.®> Expression in transgenic tomato of a
prosystemin gene (encoding a systemic signal for wound-responsive genes, see
below) in antisense orientation resulted in a reduced induction of inhibitor I and II
in response to Manduca sexta feeding. In consequence, the growth rates of the
hornworm larvae feeding on these plants were 3 times higher than growth rates of
larvae feeding on untransformed control plants. However, as systemin was shown
to be a master signal for defense against attacking herbivores in tomato,®' the reduced
induction of other defense genes besides the two aforementioned PI genes (like
polyphenoloxidase) in prosystemin antisense plants may contribute to the observed
decrease in insect resistance.

Rice is one of the most important crops for which efficient transformation—regen-
eration systems have been developed recently. Several foreign PI genes have been
introduced in rice with significant effects on insect resistance. The constitutive
expression of the cowpea trypsin inhibitor gene,?* or the wound-inducible expression
of the potato PI-II gene® in rice both confer resistance to the stem borer, which is
a major Lepidopteran rice pest. In another study, a corn cystatin (CC) gene was
introduced in the rice genome and the CC protein was shown to accumulate to 2%
of total soluble seed protein, which is more than 20 times higher than the level of
the endogenous oryzacystatin (OC).85 Moreover, CC showed a wider inhibition
spectrum than OC. Crude extracts of transgenic rice plants efficiently inhibited
cysteine proteinase activity in the midguts of the rice pest Sitophilus zeamais,
whereas similar amounts of protein fraction from untransformed seeds had no sig-
nificant effect.

However, the limitations of combating insect digestive proteolysis processes
with a single PI have been emphasized recently.®® Jongsma et al.*’ studied growth
and gut proteinases of Spodoptera exigua larvae feeding on tobacco expressing
constitutively a potato PI-II gene. Although considerable levels of transgene expres-
sion could be demonstrated, the growth of the larvae was not affected. Analysis of
the composition of trypsin gut activity revealed that only 18% of the proteinase
activity of insects reared on these transgenic plants was sensitive to inhibition by
PI-II, while 78% was sensitive in insects reared on control plants. Larvae had
compensated for the loss of trypsin activity due to inhibition by a 2.5-fold induction
of new activity that was insensitive to inhibition by PI-II. The authors suggested
that induction of new proteinase activities represents the mechanism by which
herbivore insects overcome plant proteinase inhibitor defense. A similar adaptation
was described for Colorado potato beetles feeding on potato plants treated with
methyl jasmonate to induce high levels of cysteine PIs.%

An alternative approach consisting of the expression of insect-encoded PIs in
transgenic plants was recently shown to present a high potential for crop protection.
Tobacco was transformed with a Manduca sexta gene engineered to encode trypsin,
chymotrypsin, or elastase inhibitors.? When these plants were tested against Bemisia
tabaci, the sweet potato white fly type B, insect reproduction was reduced by as
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much as 98% compared to controls. These results suggest that perturbation of
proteolytic activities involved in insect development can be used to control pest
populations.

Another interesting strategy to achieve an increased resistance level to insect
attacks would be to take advantage of putative synergistic effects between Pls and
the endotoxin of the bacterium Bacillus thuringiensis (cryA gene). In artificial diets,
serine proteinase inhibitors present at very low levels (4 uM) enhanced the insecti-
cidal activity of B. thuringiensis by 2- to 20-fold.”® However, Santos et al.®! obtained
contrasting results when testing transgenes for engineering insect resistance in Ara-
bidopsis. When expressed in transformed plants, the B. thuringiensis endotoxin gene
was more efficient than the cowpea trypsin inhibitor (cpT]) gene in controlling four
caterpillar species. In plants expressing both transgenes, no synergistic effect was
observed. Instead, these plants had a resistance level which was intermediate between
plants expressing the crylA gene and plants expressing the cp77 gene. The authors
suggested that this may arise either from an effect of crylIA gene copy number, which
varied in the different genotypes, or alternatively from an antagonistic interaction
between the products of the two transgenes.

Finally, a possible regulatory effect of grazing-induced plant PIs on mammals
was described by Seldal et al.”?> A tight positive association was found between
grazing-induced trypsin inhibitor activity in grasses and fluctuations in lemming
populations. Lemmings feeding on a sedge and on a grass induce an accumulation
of PIs in the plant tissue. These high levels of antidigestive proteins in the rodents’
food persist for a long period, and lemmings from a declining population showed
pancreatic hypertrophy, which is a well-documented pathology caused by a pro-
longed dietary intake of trypsin inhibitors. Adverse effects on the biological cycle
of the animals result in multiannual cyclic variations in their population.

6.5 REGULATION OF PROTEINASE INHIBITORS AS
INDUCIBLE PLANT DEFENSE PROTEINS

PI genes are regulated at various stages of plant development in storage organs such
as seeds or tubers, flowers or fruits, and are induced by environmental cues such as
insect predation or microbial infections. Consistent with their expression under
diverse physiological conditions, proteinase inhibitor genes have been found to be
sensitive to a number of factors, including hormones, sugars and oligosaccharides,
lipid derivatives, and various elicitor molecules. For example, a cDNA encoding a
three-domain type II trypsin inhibitor was isolated from tomato, and its gene was
found to be induced by exogenous auxin in roots'” and downregulated by gibberellins
in shoots.'® However, the levels of auxin were shown to decrease in tobacco leaves
after wounding.”® In fact, the specific implication of these two hormones in the
expression of PI genes in a given physiological response in not known. In contrast,
induction of PI genes in defense reactions has been the subject of numerous studies
and a densifying network of molecular events is being uncovered. The response to
wounding or insect attacks is clearly the most characterized induction pathway for
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PI genes with the tomato and potato systems serving as prototypes for studying the
other plant species where induction by mechanical damage has been demonstrated.

Oligouronides (derived from pectin in plant cell walls) and chitosan (released
from fungal cell walls) have been known for a long time to be efficient inducers of
PI synthesis in tomato.** These oligosaccharidic signals are generated by hydrolytic
enzymes released by the two partners upon pathogen attack and are believed to be
local signals for defense induction because they are not readily transported in
plants.”> The search for systemic signals has led to the finding that four types of
factors could contribute to the response in unwounded parts of wounded plants,
including systemin, abscisic acid (ABA), hydraulic signals (variation potentials), or
electrical current (activation potentials).?%96-9% Alternative pathways may exist that
allow for redundancy in the systemic transduction of the wound signal.

The systemin-octadecanoid pathway worked out in tomato presents the most
convincing cumulative data describing the sequential events leading to the systemic
activation of proteinase inhibitor genes after insect attacks. Systemin is an 18 amino
acid peptide which was isolated from tomato leaves in a screen for proteinase
inhibitor-inducing activity,” and it represents the most powerful known inducer of
inhibitors I and II. Systemin was shown to be mobile in the phloem with a velocity
comparable to sucrose and to the endogenous wound signal.!!® The essential role
of systemin in the signaling of the defense response was demonstrated by studying
plants that have been transformed with an antisense gene encoding prosystemin, the
prohormone precursor of systemin. When compared to control plants, these trans-
genic plants showed a substantial reduction in the systemic induction of PIs by
wounding!'®! and a drastic reduction in the ability to resist insect attacks.?? Conversely,
plants over-expressing a sense prosystemin transgene displayed a constitutive expres-
sion of PIs, polyphenoloxidase (PPO), and other systemic wound-response pro-
teins.61-102103 PPQ activity is believed to contribute to the decrease of the nutritional
quality of attacked plants by converting soluble phenolic compounds to quinones
that eventually alkylate side chains of amino acids and prevent the digestion of
proteins. The data are in favor of systemin acting as a master signal controlling the
induction of a set of defense genes to deter attacking herbivores. A second series of
arguments points to the activation by systemin of a lipid-derived intracellular sig-
naling cascade, analogous to the prostaglandin signaling system found in ani-
mals.01102103 Ag gystemin was being characterized, it was found that exogenous
jasmonic acid (JA) and its volatile derivative, methyl jasmonate, were powerful
inducers of the PI genes. It was proposed that after systemin perception by an
uncharacterized reception system, the fatty acid linolenic acid was released from
membranes and converted to the oxylipins phytodienoic acid and jasmonic acid
through the octadecanoid pathway.!** Consistent with this, mechanical wounding or
supplying systemin to young tomato plants resulted in a rapid and transient accu-
mulation of linolenic and jasmonic acids.**!% In addition, chemical inhibitors of the
octadecanoid pathway substantially reduce the induction of PIs by systemin, polyg-
alacturonic acid, and linolenic acid, but not by JA.6"1% This wound-induced pathway
apparently involves several intercellular and intracellular compartments®!%7 which
may provide specific sites to regulate the transduction of the wound signal.!®
Recently, evidence was provided that the chewing action of insects may not be
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limited to the sole mechanical damage, because the magnitude of the defense
response can be much greater in plants challenged with insects than in mechanically
wounded plants. A molecule called volicitin consisting of linolenic acid derived with
L-glutamine was isolated from oral secretions of beet armyworm caterpillars.!®
When applied to damaged leaves of corn seedlings, volicitin induced the seedlings
to emit volatile compounds that attract parasitic wasps, natural enemies of the
caterpillars. It is not known if volicitin is also an inducer of PI genes nor if its
biological activity is triggered through the octadecanoid pathway.

Genetic approaches are confirming biochemical data or defining new effectors
of the signaling cascade. A tomato mutant called def] was described with a defect
in the transduction pathway.!!® Supplementation of these plants with intermediates
of the octadecanoid pathway indicated that def! plants are affected in a biosynthetic
step between hydroperoxylinolenic acid and 12-oxo-phytodienoic acid. In conse-
quence, defI plants fail to accumulate PIs and other defense proteins after wounding
and are compromised in resistance against Manduca sexta larvae attacks. In agree-
ment with these observations, a mutant was obtained in Arabidopsis which is defi-
cient in linolenic acid and which displays high sensitivity to attacks by larvae of a
common saprophage insect. Application of exogenous methyl jasmonate could
reduce mortality of mutant plants to essentially wild-type levels.!!! The signaling
steps downstream of JA are presently uncharacterized, but several JA-insensitive
mutant classes of Arabidopsis have been identified recently!!’? and should help in
the near future to understand how this hormone activates PI gene expression.

Work in tomato and potato has revealed that jasmonate does not seem to be the
only hormone required for wound induction of PI genes. It has been suggested that
abscisic acid (ABA) participates in the response. Wounding and systemin caused an
increase in endogenous ABA and JA levels preceding PI gene expression.®® In
addition, exogenous ABA was shown to induce an increase in endogenous JA levels,
and the authors concluded that the site of action of JA was located downstream of
the site of action of ABA. However, the activation of PI genes was not confirmed
in another study when ABA was supplied to excised tomato plants through the cut
stems.”® Furthermore, induction of PI genes by wounding or systemin does not occur
in ABA-deficient plants, but treatment with linolenic acid could induce the PI genes
in these mutants, indicating that ABA may function at a step between systemin
perception and the octadecanoid pathway.!'?

Ethylene was also shown to be required for a functional wound response,
although this hormone is not an inducer of PI genes when administered alone. By
using chemical inhibitors of ethylene action and mutant plants blocked in ethylene
signaling, O’Donnell et al.!'* concluded that the presence of this hormone is required
to trigger jasmonate-dependent responses after wounding.

The signaling pathways leading to PI gene expression upon microbial attacks
have been given much less attention than herbivore-induced responses. For instance,
there are no data available on the possible involvement of the systemin pathway in
defense reactions of infected plants. It appears that some of the PIs that are wound-
and jasmonate-inducible are also activated by microbial signals. Wound-inducible
PI-I and PI-II genes were also found to be expressed in tomato plants infected with
Pseudomonas syringae pv. tomato, but the specific signals triggering this induction
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are not known.?”’” The appropriate activation of such a gene was confirmed when
tobacco plants were transformed with a construct containing a wound-inducible
potato PI-II promoter fused to the coding region of cecropin, an antibacterial peptide
of insects. These plants showed an enhanced resistance to infection by Pseudomonas
syringae pv. tabaci.'

The sensitivity of many PI genes to methyl jasmonate contrasts with what is
observed for the genes encoding the families 1, 2, 3, and 5 of PR proteins, which
are unaffected in tobacco when this compound is administered alone (T. Heitz,
unpublished results). This differential regulation was also demonstrated in germinat-
ing embryos of maize in which a fungal infection induced both a proteinase inhibitor
(MPI) gene and a PR-1 gene, while wounding and methyl jasmonate stimulated
accumulation of MPI mRNA but not PR-1 mRNA.3! Similarly, tobacco cells
responded to fungal elicitor or methyl jasmonate treatment with an increase in trypsin
inhibitor activity.!'® However, in tobacco plants, the TIMP genes encoding inhibitors
of microbial proteinases are regulated coordinately with the other families of PR
proteins during the hypersensitive reaction (HR) to TMV or in response to a purified
glycoprotein elicitor.!'” The TIMP proteins, like other tobacco PR proteins, accumu-
lated in plants treated with salicylic acid, but not in MJ-treated or wounded plants.*
These PI genes thus appear to be specifically regulated by signals generated during
the HR to pathogens. In fact, the recognition of microbes by plants involves multiple
molecular communication events which are transduced in a complex array of signal-
ing pathways activating several sets of defensive genes. The reaction to pathogenic
infections is much more complex than the response to insect chewing, since most of
the known defense signals, including salicylic acid,''® jasmonic acid,'” and ethyl-
ene,'” are produced in hypersensitively reacting plants. An inhibitory effect of
exogenous salicylic acid on the wound and jasmonate induction of defense proteins
was described in tomato.!?! As salicylic and jasmonic acids were shown to be
produced in infected Arabidopsis,''® this negative interaction may not be relevant in
plants reacting to microbial pathogens (T. Heitz, unpublished results). The elucidation
of positive and negative cross-talks between signaling pathways controlling different
downstream defense responses is needed to fully understand how plants can induce
a broad-spectrum resistance state.

Another level of PI activity regulation may be the turnover of inhibitor proteins.
Proteinases cleaving PIs in plant—pathogen systems have not been described, but a
cysteine proteinase was isolated from soybean cotyledons which is capable of
degrading Kunitz and Bowman—Birk trypsin inhibitors during early seedling
growth.!?2 Proteinase activity itself is induced in plants as a consequence of pathogen
attack. An alkaline proteinase (PR-P69) was isolated from tomato leaves infected
with the citrus exocortis virus and shown to be one of the major secreted PR proteins
induced in this system.!?* This finding was at the origin of the definition of the
family 7 of PR proteins,? but similar proteinases have not yet been characterized in
other plant—pathogen systems. The recent cloning of the cDNA encoding PR-P69
showed that this calcium-activated proteinase belongs to the subtilisin-related pro-
protein convertases (SPC) family.!>* In animals and yeast, SPC members appear to
be related to the proteolytic maturation of precursor proteins releasing biologically
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active peptides and proteins. The role of PR-P69 in the development of the plant
defense response remains to be elucidated. Tobacco leaves were found to express
constitutively an extracellular aspartyl proteinase of 36—40 kDa that cleaves PR
proteins under acidic conditions.!?> A similar activity was also detected in tomato,
and these proteinases may be involved in the regulation of the turnover of PR
proteins which are resistant to degradation by most of the proteolytic activities. It
thus appears that upon pathogen attack, both proteinases and proteinase inhibitors
may control, by a subtle interplay, some important processes in the regulation of
defense responses.

6.6 CONCLUSION AND FUTURE PROSPECTS

The wide distribution of pathogen-inducible PI genes in the plant kingdom strongly
suggests that the encoded proteins contribute significantly to the protection of plants
against parasite offense. The abundant accumulation of PIs in pathological situations,
as well as their remarkable stability in extreme conditions, are typical of pathogen-
esis-related proteins and justify the definition of proteinase inhibitors as a new family
of PRs.? The spectrum of plant PIs that are induced in concert with other defense
responses has been extended these last years and found to have targets in the four
classes of proteinases. The structural and functional diversity in PIs reflects the
“arms race” between parasites which degrade plant proteins and colonize plant
tissues and their hosts which have evolved proteinase inhibitory counterparts. The
defensive capabilities of PIs against insect predation have been clearly demonstrated,
both in artificial diets and in transgenic plants. Whereas most of the earlier studies
concerned serine PIs, more recent data indicate that inhibitors directed against each
class of proteinases can profoundly disturb the life cycle of several taxonomic groups
of insects. Nematodes were recently shown to be particularly sensitive to cystatins,
perhaps because they rely on a limited number of digestive proteinases and have no
efficient compensatory mechanism for producing inhibitor-insensitive proteinases.
The search for plant PIs which inactivate proteinases that are essential for microbial
development has so far given more diverse results and awaits more intense genetic
engineering of the two partners, either by knocking out microbial genes encoding
secreted proteinases or by overexpressing new isoforms of PIs in plants. Conversely,
the evaluation of the resistance level against a wide array of phytopathogens in
mutant plants affected in the production of active PlIs should provide clues about
the role of these PIs in defense. Future work should also consider the hypothesis of
alternative modes of action of PIs in plant defense, since unknown proteolytic
processes may be critical for a parasite to colonize plant tissues.

The study of the signaling pathways governing the induction of PI genes upon
pathogen attack has highlighted, in some instances, regulatory processes that are
distinct from those controlling the activation of other PR gene families. These PIs
may represent, along with other PRs, valuable markers to investigate the interplay
of complex signaling networks operating during the defense reactions of plants to
pathogens.
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7.1 INTRODUCTION

The concept of active defense arose at the beginning of the 20th century from the
very first experiments of induced resistance against plant pathogens by previous
inoculation of their hosts with related or unrelated strains.! Later on, it was shown
that cross protection can be applied to several plant species, notably against viral,
bacterial, and fungal diseases.? The term “acquired resistance” is now used to define
the ability of unchallenged plant tissues to gain a certain level of resistance once
other plant parts have been induced by a given stimulus.?

Inherent in the concept of protection against diseases is the likeliness that defense
molecules account for the limitation of pathogen spread. The discovery that low-
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molecular-weight (MW) secondary metabolites, thereafter designated phyroalexins,
display strong antimicrobial activities was the first illustration that defense molecules
can be induced in plants.* Evidence that other classes of compounds, notably pro-
teins, participate in the defense of plants was obtained much later. The finding that
small proteins endowed with proteinase inhibitory activity are synthesized upon
mechanical and insect wounding suggested that they might protect plants against
pests and against microbial digestion by proteolytic enzymes.> Proteinases and other
hydrolases play important roles in microbial pathogenicity. Colletotrichum lagenar-
ium, a fungal pathogen of melon and other cucurbits, for instance, synthesizes serine
proteinases.® Looking at melon cell wall proteins as possible substrates for these
enzymes led us to show that, instead of being diminished, the cell walls were highly
enriched in proteins, notably in the amino acid hydroxyproline (Hyp), which typifies
plant cell wall proteins.” After the work of Lamport and Northcote,® and Dougall
and Shimbayashi,’ the unequivocal presence of a Hyp-containing protein in plant
cell walls was admitted. Lamport called it “extensin,”’!® assuming its involvement in
cell wall extension. It was subsequently found that extensin is a glycoprotein con-
sisting of a large number of serine-hydroxyproline, (Ser—Hyp,) repeats, bearing
galactose and oligoarabinosides O-glycosidically linked to Ser and Hyp, respec-
tively.!! Likewise, the peptides isolated from the cell walls of infected melons were
shown to contain the Ser—Hyp, sequences and the glycosylation pattern of Hyp
matched the glycosylation of extensin!?> — hence the demonstration that melon cell
walls are highly enriched in this glycoprotein upon infection. The biological signif-
icance of this response was addressed by using melon seedlings where the level of
Hyp was artificially increased by ethylene treatment or lowered by growing them
in the presence of L-trans Hyp, a specific inhibitor of prolyl-hydroxylase. An inverse
relationship was found between the amount of cell wall Hyp and the susceptibility
to Colletotrichum lagenarium.* The most obvious interpretation of these experi-
ments was that enrichment in Hyp-rich glycoprotein is a defense response. To avoid
any interference with the proposed yet undemonstrated role in extension, this gly-
coprotein was abbreviated as HRGP.!2

Since then, cloning of the genes encoding HRGPs from carrot'* and other plant
species (for a review, see reference 15) has confirmed and completed our knowledge
of the molecule. The notion of Hyp-containing proteins has been extended to three
additional classes of cell surface compounds, namely arabinogalactan proteins
(AGPs), Solanaceous lectins, and Hyp/Proline-rich proteins (H/PRPs). Of these four
classes, only the response of HRGP-extensin is well documented upon infection by
pathogens. This review will mainly focus on this glycoprotein.

7.2 HRGP-EXTENSIN
7.2.1 STRUCTURAL FEATURES

HRGP-extensin, hereafter referred to as HRGP, is probably the most abundant and
best characterized plant cell wall protein (for a review, see references 15 and 16).
At the structural level, it is typified by several specific markers whose nature was
summarized by Kieliszewsky and Lamport.!” Thus, identification of wall-bound Hyp
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constitutes a diagnosis for the presence of HRGP, because this glycoprotein is the
main cell wall-immobilized, Hyp-containing component. In most dicotyledonous
species, Hyp is found throughout the peptide backbone under the form of
—Ser-Hyp,— repeats interspersed by other peptide motifs rich in lysine and tyrosine.
Variants of the Ser—Hyp repeats are found in some species, notably in monocots.
Submitting cell walls to partial hydrolysis by barium hydroxide and trypsin digestion
allows recovery of various glycan and peptide portions of HRGP. Their analysis
showed that most Hyp are glycosylated by 1 to 4 L-arabinofuranose residues, and
serine by 1 galactose residue. In some of the peptides, a novel tyrosine derivative,
isodityrosine (IsodiTyr) was found. This dimer accounts for intra- and possibly
intermolecular linkages, and constitutes an additional structural biochemical marker
of wall-bound HRGP.

Due to its rapid immobilization once in the cell wall, it has been difficult to
solubilize HRGP in the native form. Actually, it was only in 1980 that it was first
isolated by Stuart and Varner,'® and then in other laboratories.!*! It soon appeared
that, at least in dicots, several distinct HRGPs are present in the cell walls. Although
they differ in their MW and peptide pattern, they all contain numerous Ser—Hyp,
motifs, and their glycan portion represents one third to one half of the molecule.
According to the molecular markers which typify HRGPs, a rod-like structure was
predicted for these glycoproteins. Indeed, this was confirmed by electron microscopy
observation of the solubilized molecule.?

Cloning of HRGP genes, first from carrots'* and then from other plant species,’
has extended our knowledge of these glycoproteins and confirmed that these are
encoded by a small multigene family. Some of the genes are constitutively expressed
in relation to plant development, albeit at a generally low level.

7.2.2  ACCUMULATION IN DISEASED PLANTS

In response to pathogens and their signals, plant cell walls become highly enriched
in HRGPs. Since the first report that they accumulate in Colletotrichum lagenarium-
infected melon seedlings,”?* their increase has been shown in a large number of
plant—pathogen interactions (Table 7.1). To date, this observation has been reported
in more than 30 different systems.?**! Many of these correspond to important
agricultural diseases on dicots (potato, tomato, tobacco, sunflower, grapevine, bean,
etc.) and monocots (wheat, barley) which affect the aerial part as well as the root
system of the plant. These are caused by a wide variety of fungi (Oomycetes,
Ascomycetes, Basidiomycetes, Deuteromycetes), bacteria (Pseudomonas, Xanth-
omonas), and other pathogens (viruses, nematodes). These are also increased during
symbiosis upon interaction of plant roots with mycorrhizal fungi and in Rhizobium-
induced legume nodules. In race-cultivar specific systems, these accumulate earlier
during incompatible interactions (host resistant, pathogen avirulent) than during
compatible ones (host susceptible, pathogen virulent).

In order to study HRGP responses at the cellular level, antibodies against the
glycoprotein or against its peptide portion (HRP) were prepared. The use of ultra-
structural cytochemistry and gold labeling techniques showed that HRGPs accumulate
particularly in defense structures such as papillac and paramural deposits.”> Such
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TABLE 7.1

Plant-Pathogen Interactions which Affect HRGP-Extensin Levels

Plants Fungi
CUCURBITACEAE
Melon Colletotrichum
lagenarium
Fusarium oxysporum
melonis
Cucumber Pythium sp.
Cladosporium
cucumerinum
FABACEAE
Alfalfa Colletotrichum trifolii
French bean  Colletotrichum
lindemuthianum
Uromyces
appendiculatus
Vigna Uromyces vignae
Pea Glomus versiforme
SOLANACEAE
Tobacco Peronospora tabacina
Potato
Tomato Fusarium oxysporum
VITACEAE
Grapevine Plasmopara viticola
ASTERACEAE
Sunflower Sclerotinia
sclerotiorum
POACEAE
Wheat Erysiphe graminis
Puccinia graminis
Puccinia recondita
Barley Erysiphe graminis
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Bacteria

Pseudomonas syr.
phaseolicola

Pseudomonas
fluorescens

Pseudomonas syr.
phaseolicola

Rhizobium NGR 234

Pseudomonas

solanacearum

Pseudomonas
solanacearum

Erwinia carotovora

Clavibacter
michiganense

Viruses/
Nematodes

YSMV, TMV

Meloidogyne inc.

Globodera
tabacum

Leaf roll virus

Meloidogyne inc.
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TABLE 7.1 (continued)
Plant-Pathogen Interactions which Affect HRGP-Extensin Levels

Viruses/
Plants Fungi Bacteria Nematodes References
LILIACEAE
Leek Glomus versiforme 29
BRASSICACEAE
Turnip Xanthomonas 41

campestris

structures are formed in close contact to fungi and bacteria, by invagination of the
host plasma membrane, and are characterized by massive deposition of defense
compounds in the newly expanded plasmalemma-—cell wall interface. Among them,
electron dense deposits are often observed. In the incompatible interaction between
Phaseolus vulgaris cv Kievitsboon Koekoek and race 8 of Colletotrichum lindemuth-
ianum, the fungal hyphae appear encased in the papillae and are highly altered.?
HRGPs are clearly localized inside and at the periphery of the papillae. When plants
are infected by obligate biotroph parasites*’ or by symbiots,?*> HRGPs are secreted
at the host—microbe interface. Together with other newly synthesized compounds,
notably AGPs and wall polysaccharides, these contribute to the formation of an
extrahaustorial matrix whose protective role against colonization has been proposed.*

7.2.3 GENE EXPRESSION AND REGULATION

HRGP cDNA and genomic clones have been obtained from several species and used
as homologous or heterologous probes to study HRGP gene expression. HRGPs are
encoded by a multigene family whose constitutive level is generally low in healthy
plants except in some organs, notably roots, stems, and seed coats, and in tissue
culture. In response to pathogen ingress, a strong activation of HRGP genes occur
at the transcriptional level, which leads to the induction of several transcripts ranging
from about 1.5 to 6 kb.**** In a given plant species, these are differentially expressed,
both within a given cultivar and between cultivars. Thus, two mRNA species of 3.6
and 4.1 kb strongly accumulate during the incompatible interaction of Phaseolus
vulgaris cv. Kievitsboon Koekoek with Colletotrichum lindemuthinaum race 3,
whereas a 2.13 kb mRNA accumulates at late stages of the compatible interaction
between the same cultivar and race v.*> Similar kinetics have been obtained in other
systems, notably in sunflower seedlings tolerant vs. susceptible to Sclerotinia scle-
rotiorum.*® In the compatible interaction between tobacco and the nematode Meloid-
ogyne javanica, three transcripts of 1.4, 3.5, and 6 kb are induced in a coordinate
manner; none of them is induced preferentially, but their expression appears to be
tissue-specific, i.e., in close contact and at a distance from the pathogen as shown
by in situ hybridization, histochemical GUS assay, and protein immunolocalization
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studies.’® This observation confirms the local and systemic induction of HRGP,
already reported in melon and bean anthracnose, for example.

The pattern of HRGP induction suggested that various signals are involved in
the regulation of its expression. The concept of elicitors of plant defense and of
secondary messengers emerged in the late 1970s and led to showing that fungal
elicitors (from Colletotrichum lagenarium) have the ability to induce HRGP bio-
synthesis.*® Since then, the induction of HRGPs by various elicitors has been dem-
onstrated, notably originating from Colletotrichum lindemuthianum and Phytoph-
thora parasitica nicotianae.***" Elicitors were originally defined as those molecules
present at the cell surface or secreted into the culture medium of plant pathogens,
which have the same ability to induce the defense system of plants as the pathogens
these are derived from.*® The notion of elicitor has been extended to plant endoge-
nous compounds, notably oligogalacturonides (OGA) derived from the cell wall.*8
Thus, plants contain their own elicitors of defense. It appeared recently that, besides
elicitors, plant cell walls contain complex OGAs, which suppress HRGP gene
expression in bean seedlings, most particularly the 2.5 kb transcript.*® These frag-
ments are released from pectic polysaccharides by pectinases, notably the endopo-
lygalacturonase of Colletotrichum lindemuthianum. HRGP suppression might result
in cell wall architecture remodeling, thus facilitating local degradation by the patho-
gen and penetration into the host. A similar effect was recently shown to affect three
HRGP transcripts in root hairs of Vigna unguiculata in response to Rhizobium
infection.?®

In addition to the effect of microbial elicitors, the release of endogenous elicitors
under stress conditions, such as wounding by pathogens, might account for the
HRGP response. Indeed, cell wall enrichment in this glycoprotein upon wounding
is a general phenomenon which has been reported in dicotyledonous as well as
monocotyledonous species.!*%-52 Again, a differential response is observed in rela-
tion to organs, tissues, and genes. Thus, in Brassica, ext A, which encodes an HRGP
normally expressed in roots, is mainly stimulated in the aerial part of the plant upon
wounding.> In tomato, it is essentially the 4.0 kb transcript which is induced,*® and
in bean seedlings, the 2.13, 3.6 and 4.1 kb transcripts show differential kinetics.*’
Immunolocalization, in situ hybridization, and analysis of transgenic plants contain-
ing a construct consisting of the HRGP promotor—reporter GUS gene fusion, have
shown that enrichment of the cell walls in HRGP occurs at the level of the vascular
system in Zea mays and Brassica napus.>'>

Induction of HRGP at a distance from the point of inoculation by pathogens or
from the wounded site has led to the search for systemic signals. Ethylene was the
first signal to be identified.>*>> This gaseous plant hormone is abundantly synthesized
in response to infection, elicitors, and wounding. This might explain why environ-
mental and developmental factors influence HRGP biosynthesis, as well as other
defense genes. Treating melon plants with ethylene resulted in enrichment of the
cell wall in HRGP and, correlatively, to the induction of resistance against C.
lagenenarium."> Cassab et al.’® have shown by tissue printing of pea epicotyls that
the glycoprotein is increased at the level of the vascular system and also in cortical
and epidermal cells. A functional analysis of the pDC5A1 HRGP gene from carrot
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allowed identification of nucleotide sequences in the promoter, and nuclear proteins
involved in negative or positive regulation of the gene in response to wounding and
ethylene.’”® This is consistent with the induction and suppression of HRGP gene
expression, notably with the negative regulation effects of complex OGAs and
Rhizobium reported above. By using promoter—reporter gene fusion constructs con-
sisting of different 5’ parts of the bean 4.1 kb transcript-encoding gene and glucu-
ronidase as reporter gene, Wycoff et al.®* have shown that tissue specificity and
wound induction lie in a region between —94 and —251 relative to the transcription
start site and that activation by infection lies outside this region.

In the presence of the AVG and cobalt chloride inhibitors of ethylene biosyn-
thesis, elicitor-induced HRGP accumulation in the cell wall of melon,* as well as
wound-induced HRGP gene expression in Brassica napus,>* are lowered. However,
studying the role of ethylene has shown that this hormone is not the only secondary
messenger that regulates HRGP biosynthesis. Elicitor-treated cell suspension cul-
tures provide an easy experimental system to look for other putative signals. Thus,
changes in the extracellular pH, ion fluxes (K* efflux, Ca** influx), production of
active oxygen species, and synthesis of secondary metabolites have been measured.
Among the latter, jasmonic acid (JA) derived from polyunsaturated fatty acids via
the lipoxygenase (LOX) pathway has been shown to induce HRGP in tobacco.’
This is a case of convergence with animal systems, because JA is a compound
homologous to arachidonic acid derived-prostaglandins. These eicosaenoid com-
pounds play important roles in the inflammatory reaction during which collagen, an
HRGP of the extracellular matrix of animal cells, is increased. The mechanism(s)
involved in JA recognition and regulatory effects on HRGP gene expression remain
to be elucidated.

7.2.4 RoLE IN DEFENSE

The fact that HRGPs generally accumulate under stress conditions suggests that this
response is of prime importance for plant survival. Their most likely roles lie in
their structure and their agglutinating properties. Thus, it is assumed that HRGPs
play arole in cell wall structure and self assembly. The peptide backbone is subjected
to posttranslational modifications which include hydroxylation of proline, glycosy-
lation, and cross-linking. Glycosylation by oligoarabinosides confers molecular
inflexibility and stabilizes the glycoprotein in a rod-like structure.

When HRGP monomers are secreted into the cell wall, they readily associate
ionically to other polymers and, at this stage, they can be eluted by salt solutions.!#20
However, after a few hours, these become tightly linked by covalent bonds to the
wall network, which renders them highly insoluble. This phenomenon is even more
striking upon infection, elicitation, and wounding, through intra-, and probably inter-
molecular oxidative cross-linking of HRGP monomers, in the presence of H,O, and
peroxidase, whose production and activity are increased in parallel.®'6* Schnabel-
rauch et al.% have identified a pI 4.6 anionic peroxidase, whose most simple substrate
contains the —Val-Tyr-Lys— motif of HRGP. Oxidative cross-links are supposed to
occur between two tyrosine residues located on the same polypeptide backbone or
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on two adjacent backbones, allowing the formation of isodityrosine (IDT) bridges.
IDT and a recently identified tetramer tyrosine derivative (Di—IDT) have been
respectively identified in HRGP® and cell wall®® hydrolysates. Such cross-links
might create a network of HRGPs interpenetrated by other wall polymers, thus
contributing to cell wall reinforcement and repair upon pathogen attack. The fact
that it is more difficult to solubilize the cell wall and obtain protoplasts from elicitor-
treated than from control cells® supports this view.

Protein cross-linking occurs early during incompatibility between soybean and
Pseudomonas syringae glycinea and later in the compatible interaction.®! This phe-
nomenon precedes the transcriptional activation of HRGP and other defense genes
and thus represents one of the very first events of the hypersensitive response.

Besides having a structural role, HRGPs are also characterized by a high pro-
portion of the basic amino acids lysine and histidine. As such, they behave as
polycations and display agglutinating activities against negatively charged surfaces.
Thus, it was found that two HRGPs, from tobacco and potato,*33 agglutinate avir-
ulent strains of Pseudomonas solanacearum on these plants, but only weakly virulent
ones. In addition, the tobacco glycoprotein whose protein portion contains 12%
lysine and 5% histidine agglutinates Phytophthora parasitica nicotianae zoospores
in a manner which is inhibited by the lipopolysaccharide of Pseudomonas or by
increasing the ionic strength of the medium.* It is believed that the agglutinating
properties of HRGPs participate in the immobilization of bacteria observed during
incompatibility. Indeed, O’Connell et al.?> have shown by ultrastructural immuno-
cytochemistry that bacteria appear encased in an HRGP-containing material of host
origin during hypersensitive responses.

At the present time, more direct proof of the role(s) played by HRGPs is not
available. In this context, HRGP mutants as well as transgenic plants under- or over-
expressing HRGPs would be of great value. While such constructs have been intro-
duced in tobacco, the authors did not apparently check the disease phenotype of
such plants.?!

7.3 OTHER HYP-CONTAINING GLYCOPROTEINS

Arabinogalactan proteins (AGPs), Solanaceous lectins, Hyp/Proline-rich proteins
(H/PRPs), and other hybrid proteins contain Hyp.

The AGPs are a group of Hyp-rich proteoglycans widely distributed in plants,
whose protein portion represents less than 10% of the total mass of the molecule.!
Hyp, alanine, often encountered as Ala—Hyp repeats, together with serine, proline,
and threonine, are the major amino acids. The carbohydrate component consists of
arabinogalactan chains O-glycosidically linked to Hyp and Ser. These are predom-
inantly found in the intercellular spaces and in the growth medium of cell suspension
cultures.®” In contrast to the cell wall HRGP-extensin, these are highly soluble even
at low ionic strength. These are supposed to be involved in some stages of plant
development and as adhesion molecules in cell-cell interactions. In this respect, it
should be interesting to look for a possible role in plant—microorganism interactions.
The recent cloning of genes encoding the protein portion of several AGP genes®-70
will be of great help in understanding the function of these compounds.
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The Solanaceous lectins are found in the cell walls of Solanaceous plants.'> A
well-known example is the potato tuber lectin (PTL).”"”2 PTL is a glycoprotein of
molecular mass 50 kDa which consists of 50% protein and 50% carbohydrate and
is composed of two domains: a serine and Hyp-rich domain closely resembling the
wall HRGP and a glycine and cysteine-rich domain responsible for the chitin-binding
activity of the molecule. This activity might be involved in interactions with chitin
and N-acetyl glucosamine-containing pathogens. The fact that PTL accumulates in
potato tubers upon wounding and viral infection'>7* and that another Hyp-rich lectin
isolated from bean cells is increased in response to a fungal elicitor™ supports the
view that such lectins might interact with plant pathogens, notably those containing
chitin. Further experiments are required to check this point.

The Hyp/Proline rich-proteins (H/PRP) are a class of cell wall proteins whose
molecular characterization has shown the presence of Pro—Pro repeats and
Val-Tyr-Lys sequences.'>7 These are associated with plant development, and the
ENOD subclass is present in the legume root nodules formed in response to Rhizo-
bium infection.”® Some of these PRPs have been isolated and found to contain Hyp
in the second position of the Pro—Pro repeats.” H/PRP gene expression is altered
by wounding, ethylene, and elicitor treatment,””-’® which is consistent with a role in
plant-microorganism interactions. Their high lysine content, as well as their insol-
ubilization once in the cell wall, resemble some of the HRGP characteristic features.
However, their precise functions are not yet known.

Class I chitinases represent another class of Hyp-containing hybrid molecules.
The two isoforms of tobacco are very similar and are characterized by a chitin-
binding domain and a catalytic domain linked together by a spacer containing a few
residues of threonine and hydroxyproline.”#® In contrast to the lectins, they are not
glycosylated, and they are only present in the vacuole. They exhibit a high antifungal
activity in vitro.

7.4 CONCLUSION

Cell surfaces play a key role in plant-microorganism interactions because they are
the source of signal molecules which elicit defense responses in the host and the
site at which elicitor-induced defense molecules accumulate. One of the most general
and best characterized responses is the accumulation of hydroxyproline-rich glyco-
proteins. It fulfills the triple criteria of defense in that it is early and locally induced
at sites where the pathogen is restricted during hypersensitivity; it is delayed and
more extended in compatible interactions and might contribute to lesion limitation;
it participates in systemic acquired resistance in that it is elicited by systemic signals
and is involved in plant protection against diseases.

Considering the structural features and polycationic properties of HRGPs, one
may assume that varying the level of HRGP results in wall remodeling and modi-
fications of the net charge of the cell surface. The likely interaction of polycationic
HRGPs with polyanionic pectic polysaccharides or other molecules might be highly
altered in these conditions. Engineering plants which over- or under-express the
HRGP genes of interest will certainly improve our understanding of the role of
HRGPs in plant—pathogen interactions in the future.
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8.1 INTRODUCTION

Plant peroxidases have been studied extensively since the beginning of the 18th
century, and the basic biochemical functions of these enzymes have been well
characterized. The enzymes are heme-containing glycoproteins that catalyze the
oxidation by H,0, of a wide range of organic and inorganic substrates, such as
cytochrome c, nitrite, leuco-dyes, ascorbic acid, indole amines, and iodide ion.!
Peroxidases occur in numerous isoforms in both plants and animals. Plant peroxi-
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dases have been implicated in a wide range of physiological processes, such as auxin
metabolism, ethylene biosynthesis, lignin formation, respiration, light-mediated pro-
cesses, growth, and senescence. In addition, peroxidase activity has been correlated
with plant defense against pathogens (for a review, see reference 1). However, the
specific roles of peroxidase in many of these processes remain inconclusive and are
still under investigation. In this review, we summarize the studies on induction of
enzyme activity, protein structural features, and gene induction dynamics that have
implicated peroxidase in the plant defense response. We also have used phylogenetic
clustering of peroxidases to study similarities in pathogen-inducible peroxidases
from diverse plant species. Finally, we discuss the methods for determining the role
of specific peroxidases in defense.

8.2 PEROXIDASE ENZYME ACTIVITY CORRELATES
WITH RESISTANCE

The plant cell wall constitutes one of the first lines of defense against pathogen
invasion, and peroxidases are key enzymes in the wall-building processes. These
processes include peroxidase-mediated oxidation of hydroxycinnamyl alcohols into
free radical intermediates,’> phenol oxidation,® polysaccharide cross-linking,* cross-
linking of extensin monomers,® lignification,%’ and suberization.®° Although direct
involvement of any one type of peroxidase in defense has not been demonstrated
conclusively, extracellular or wall-bound peroxidases have been proposed to enhance
resistance by the construction of a cell wall barrier that may impede pathogen ingress
and spread.'®!* The accumulation of cell wall-strengthening materials following
infection might be expected to correlate with enhanced resistance.>%!3.14

The accumulation of lignin and phenolic compounds is correlated with resistance
in a number of plant—pathogen interactions. The resistance response in wheat cultivar
Prelude-Sr5 against an avirulent race of the stem rust fungus Puccinia graminis f.
sp. tritici was correlated with rapid lignification in penetrated host cells.!>!7 In
tomato, resistance to the fungal pathogen Verticillium albo-atrum was correlated
more with a more rapid deposition of suberin and lignin in a resistant isoline than
in a susceptible isoline.'®! Similarly, infiltration of rice leaves with suspensions of
Xanthomonas oryzae pv. oryzae, the bacterial blight pathogen, caused the deposition
of lignin-like polymers at the site of inoculation during resistant interactions.?’ In
rice, the spatial and temporal patterns of phenolic polymer deposition were correlated
with resistance; that is, the decrease in bacterial multiplication rates and onset of
bacteriostasis.?’ No lignin deposition was observed at the site of infiltration following
infection with bacteria during a susceptible response.?

Extensin, a cell wall-associated hydroxyproline-rich glycoprotein (HRGPs), also
accumulates in the walls of a number of plant species during interactions with
microbes (for a review, see reference 21). In parsley, HRGPs and peroxidase mRNA
have been localized by in situ hybridization to the site of fungal infection.?? HRGPs
are thought to act as a matrix for deposition of phenolic materials, and oxidative
cross-linking of these proteins into the wall by peroxidases has been proposed to
strengthen cell walls. Alternatively, during the process of cross-linking, microbes
may be agglutinated and thus immobilized.?!
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Because peroxidases are implicated in the deposition of cell wall-strengthening
materials such as lignin, suberin, and extensin, changes in activities of peroxidase
during resistant and susceptible interactions have also been monitored in a number
of plant-pathogenic race-specific interactions. Increases in peroxidase activity that
correlated with resistance between pathogens and their hosts were observed in
rice,2*2* wheat® (and the references therein), barley,?>?’ cotton,?® and sugar cane.?
In contrast, peroxidase enzyme activity in plants undergoing susceptible interactions
was delayed or not induced within the time period studied.

Induction of peroxidase enzyme activity was also correlated with systemically
induced resistance in cucumber. Inoculation of the first leaf of cucumber with a
hypersensitive reaction-inducing bacterium Pseudomonas syringae pv. syringae,
resulted in systemic resistance and accumulation of peroxidase within 24 h.3® Activ-
ities of at least three acidic extracellular peroxidases increased with the appearance
of systemic-induced resistance.’*-3* The same complement of peroxidases also was
induced in response to a disease resistance-inducing heat shock treatment.** In
potato, peroxidase enzyme activity increased during wound-healing responses, but
an anionic peroxidase was induced only in cells undergoing suberization.’

Insight into the relationship between peroxidase and resistance also has come
from studies of the symbiotic relationships of Rhizobium and host plants. Inoculation
of incompatible strains of Rhizobium into white clover plants (heterologous inter-
action) resulted in a reaction that was similar to resistance. Peroxidase activity was
elevated rapidly during these heterologous interactions, and the bacteria failed to
induce nitrogen-fixing root nodules.? In contrast, during homologous or compatible
interactions with Rhizobium leguminosarum, peroxidase activity in the root hair cells
of white clover was lowered immediately and transiently to about 50% of the activity
in uninoculated controls.

Overall, the studies correlating deposition of cell wall-strengthening materials
and peroxidase activities are consistent with a role for this enzyme in defense through
wall strengthening. However, in addition, the highly reactive oxygen species formed
during the deposition of these compounds into the walls by peroxidase activity are
likely toxic to pathogens. For example, H,O, generated by wall-bound peroxidase
or oxygenase during the oxidative burst, which occurs within minutes after patho-
genic interaction, and free radicals, which are produced by extracellular peroxidase
oxidative activity during cell wall fortification, are toxic to pathogens?® (for a review,
see reference 12). Alternatively, these active species may act as messengers to
activate the plant defense responses that contribute to resistance.’’

8.3 CHARACTERIZATION OF PLANT PEROXIDASES

8.3.1 STRUCTURAL AND FUNCTIONAL PROPERTIES OF THE PLANT
PeROXIDASE SUPER-FAMILY

Peroxidases have been classified into two large groups, the plant peroxidase super-
family and the animal peroxidase super-family. Peroxidases are also found in fungi
and bacteria.*®“° Because the amino acid sequences of peroxidases from fungi and
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bacteria are related to those of plant peroxidases both in their primary and tertiary
structures, those enzymes are classified under the plant peroxidase super-family.*!

The plant peroxidase super-family can be divided into three broad classes. Class
I peroxidases are intracellular and prokaryotic in origin (cytochrome c peroxidase,
bacterial peroxidases, chloroplast and cytosol ascorbate peroxidases). Class II
includes extracellular fungal peroxidases (Phanerochaete chrysosporium lignin per-
oxidase and Coprinus cinereus peroxidase). Class III includes mostly extracellular
plant peroxidases (horseradish peroxidase, Hrp C), which are secreted via the endo-
plasmic reticulum, contain structural Ca?*, and disulfate bridges, and usually have
glycosylated carbohydrate side chains. Some class III peroxidases are not extracel-
lular and are targeted to the vacuole by a C-terminal propeptide.*!

A general structure for peroxidases in the plant super-family was based initially
on amino acid sequence similarities with yeast cytochrome c peroxidase, for which
high-resolution crystal structure was available (Figure 8.1).4>% Subsequent crystal-
lographic studies on Hrp ES5, a highly basic isoenzyme of horseradish peroxidase,*
a peanut peroxidase,* and fungal peroxidases*’** corroborated the structure of
cytochrome c peroxidase as a valid prototype for the peroxidases in this super-family.

N-terminus

C-terminus

Distal heme
binding domain

Proximal
B

histidine ?

Proximal heme

binding domain

B3

FIGURE 8.1 A diagrammatic representation of the structure of plant peroxidase. Ten helices
(A-J) and B-sheets (1, B2, and B3) are represented by cylinders and parallel arrows, respec-
tively. Reverse turns and coils that connect the helices and the -sheets are shown as connecting
lines. The proximal and distal heme-binding domains and the proximal and distal histidine
residues (Hrp C numbering) are indicated. The rectangular box present between the proximal
and distal heme-binding regions indicates the position of the central heme prosthetic group.
(Adapted from Welinder, K. G., Eur. J. Biochem., 1985, 151, 497-504. With permission.)
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In general, they are characterized by two structural domains that sandwich a central
heme prosthetic group. The two domains containing the proximal and distal heme-
binding region are created from 10 a-helices (A to J) and three B-sheets (1-3). The
proximal and distal heme-binding regions may have originated by an early gene
duplication event followed by gene fusion.’® Invariant histidine residues in the
proximal and distal heme-binding pockets (his-170 and his-42, using the Hrp C
numbering) along with an arginine (arg-38), an asparagine (asn-70), and an aspartate
(asp-247) are thought to be involved in peroxidase-specific catalysis. However, the
catalytic sites of plant peroxidases, which catalyze a wide range of substrates, are
almost invariant. Therefore, the differences in reactivities exhibited by peroxidases
with peroxides and heme ligands probably result from other features of the enzyme.>!

8.3.2 THEe RecioN BETWEEN F AND G HELICEs MAY CONTRIBUTE
TO DIFFERENCES IN SUBSTRATE SPECIFICITIES

Nuclear magnetic resonance (NMR) and enzyme inactivation studies have indicated
that substrate binds in the vicinity of the exposed edge of the heme group at the
heme methyl C,;H,.°>%* Amino acid side chains located in the distal heme pocket
or peripherally in the substrate access channel provide additional structural compo-
nents for the substrate binding site, which extends from the heme edge to the protein
exterior. In particular, amino acid side chains of an isoleucine residue, two pheny-
lalanine residues (designated as PheA and PheB), and histidine (his-42, using the
Hrp C numbering) are involved in substrate binding.’**¢ The exact identity of the
isoleucine and phenylalanine residues is unclear. Studies by site-directed mutagen-
esis combined with NMR analyses implicate Phe179, Phe187, or Phe221 as the most
likely candidate for Phe B, and Phel79 or Phe221 as the most likely candidate for
Phe A.” Both Phe179 and Phel87 occur in the region between the F and G helices.

In that region, the numbers and identities of amino acid residues vary consider-
ably among class III peroxidases and are distinct from those of residues of the class
I and II peroxidases.®! The variable region between the F and G helices is suggested
to provide structural detail to the substrate access channel. This structural detail is
proposed to account for some of the differences in substrate binding and preferences
exhibited both within class III peroxidases and between the three different classes
of peroxidase within the plant peroxidase super-family.>’

8.3.3 PHYLOGENETIC CLUSTERING OF PATHOGEN-INDUCIBLE
PEROXIDASES

To determine the phylogenetic relationships between 62 different plant peroxidases
(Table 8.1), the amino acid sequences between positions 38 and 286 (Hrp C num-
bering) were aligned. These sequences span the proximal and distal heme-binding
regions (234 amino acids from the total of ~315 amino acids forming protein). The
distances and phylogenetic relationships between the protein sequences were derived
using the Kimura protein distance correction and neighbor joining method, respec-
tively.’3-%0 The N-terminal and C-terminal amino acid residues preceding the prox-
imal and distal heme-binding domains were diverged considerably and, hence, were
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TABLE 8.1

List of Peroxidase Genes

Gene locus

MSRNAPEO02
ALFPXDD

LETAPI*
POTPXD
LETAP2*

A
TAPOX2*
TAPEROXIG*

TAPOX3*
TAPERO
HVPEROXI
POXgX9*
POX22.3*

POX8.1*
TAPOX4*
TAPOX1*
POXS5.1

Plant

Alfalfa
Alfalfa

Tomato
Tomato
Tomato

Wheat
Wheat

Wheat
Wheat
Barley
Rice
Rice

Rice
Wheat
Wheat
Rice
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Accession #

971564
537319

295815
169555
295816

732972
21831

732974
X56011
22587
AF014470
AFO14467

AFO14468
732976
732970
AFO14469

Gene and Expression

Expression not determined.
Unpublished.

CLUSTER 1
Wound- and abscisic acid-inducible; localized to wound-healing suberizing cells. Induced in R
tomato lines and not in near-isogeneic S line by elicitors of Verticillium albo-atrum. LETAP1
demonstrated by primer extension studies to be expressed in the periderm of wound-healing
tomato.

CLUSTER 2

Expressed in roots and induced in leaves during S interaction with EG.

Constitutively expressed in roots. Not inducible during resistant interaction with EGH or wounding
in leaves.

Expressed in leaves. Not induced during S interactions with EG in leaves.

Induced in leaves during resistant interactions with EGH.

Induced in leaves during resistant interactions with EGH.

Expressed in the roots. Not induced in leaves during resistant interaction with XOO.

Expressed in roots and leaves. Induced differentially in leaves during R and S interaction with
XO00. Not wound-inducible in leaves.

Induced differentially in leaves during R and S interaction with XOO. Wound-inducible in leaves.

Expressed in roots and leaves. Not induced during S interactions with EG.
Expressed in roots. Not induced in leaves during S interaction with EG.

Expressed in leaves. Wound-inducible. Not induced in leaves during R or S interaction with XOO.

Reference

97
98

65
82

70
89

70
80
79
77
71

77
70
70
77



B
ARCPNCI1
SSNCAPE*

SSNPEROXIA

MTU16727*
PERX_BRARA

B56555 (PIR)

CUSPREPERB
CUSPREPERA
CUSPREPER
CUSCUPER

TOBPXDLF
TOBPXD
LECEVI1A
POPPRXA1*

ATHPRECA*
HRAPRXC3
ATHPRXCA*
ATPRXCB

Peanut

Stylosanthes
humilis

S. humilis

Barrel Medic
Turnip

‘Wood tobacco

Cucumber
Cucumber
Cucumber

Tobacco
Tobacco
Tomato

Populus

Arabidopsis
Horseradish
Arabidopsis
Arabidopsis
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M37636
577503

L36110

571484
464365

1076611

167533
167531
167529
167517

170316
218308
296910
217997

166807
217934
166827
405611

Expression not determined.

Induced in leaves following S interaction with CG, wounding, and treatment with defense regulator
methyl jasmonate.

Expressed in leaves and roots. Induced in leaves during S interaction with CG. Wound-inducible
in leaves.

Induced in roots by non-nodulating strain of Rhizobium meliloti.

Expressed only in winter. Differs significantly in physio-chemical and enzymatic properties from
other turnip peroxidases and Hrp C. Regions between F and G helices are most diverged between
turnip and Hrp C peroxidases.

Expressed in protoplast at the beginning of the culture. Expression decreases at the onset of cell
division. Expressed in roots. Not expressed in response to chemical treatment, heat shock, pathogen
attacks, or tumor induction.

CLUSTER 3
Induced during systemic acquired resistance and by salicylic acid.

Induced by ethylene in the cotyledons.

CLUSTER 4
Abundant in stem. Expressed in lower amounts in roots and leaves. Lignification-associated.
Unpublished.
Induced by viroid infection and ethylene.
Expression not determined.

CLUSTER 5
Expressed strongly in roots.
Expressed strongly in roots and detected in stem.
Detected in leaves, stem, and roots.
Expression not determined.

99
100

67
61

101

102

33

86

64
103
87
104

105, 106
106, 107
105, 106
108



TABLE 8.1 (continued)
List of Peroxidase Genes

Gene locus

HRAPRXC2

POPPO1
POPPA
POPP2*
POPPO2*
POPPB

MSRNAPEIC
ALFPXDA
MSRNAPE1B
MSRNAPEIA
ALFPXDC
SSNPEROXIB
GMU41657

BLYPRX5A
BLYPRX6A*

Plant

Horseradish

Poplar
Poplar
Poplar
Poplar
Poplar

Alfalfa
Alfalfa
Alfalfa
Alfalfa
Alfalfa

S. humilis
Soybean

Barley
Barley
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Accession #

217932

1199776
537604
1255663
1199778
485393

971562
537315
971560
971558
537317
L36111
U41657

167081
167083

Gene and Expression

Expressed strongly in roots. Detected in stem. Wound-inducible.

CLUSTER 6
Unpublished.
Unpublished.
Differentially expressed in the stem.
Unpublished.
Unpublished.

CLUSTER 7

Expression not determined. C-terminal processed.
Unpublished. Has C-terminal extension.
Expression not determined. C-terminal processed.
Expression not determined. C-terminal processed.
Unpublished. Has C-terminal extension.

Abundant in stem; low in leaves. Not induced during S interaction with CG or wounding.

Present abundantly in seed coat.

CLUSTER 8
Barley seed-specific peroxidase. Not expressed in leaves. C-terminal processed.
Expression not determined. Has C-terminal extension.

Reference

106, 107, 109

110
111
68

110
111

97
98
97
97
98
67

75
112



VIRPRX Azuki bean 218328 Expressed in leaves only after wounding, salicylate and ethylene treatment. Has C-terminal 85

extension.
CLUSTER 9
ARCPNC2 Peanut 166475 Isolated from suspension culture cells. 99
LECEVI16G Tomato 1161566 Constitutively expressed in roots. Induced by ethylene and viroid infection. 76
SSNPEROXIC S. humilis L36112 Abundantly expressed in leaves, low in roots. Not expressed in stem or old leaves. Induced in leaves 67

during S interaction with CG. Wound-inducible in leaves.

CLUSTER 10

TOBCPI40KB Tobacco 575605 Transcripts related to these two peroxidase genes were isolated from suspension culture. Expression 113

increased during cell proliferation but not during cell expansion.
TOBCPI38KA Tobacco 575603 Same as above. 113
TOMTPRX1A Tomato 678547 Transcripts related to the two tomato peroxidases were expressed constitutively in roots. Expression 114
TOMTPRX2A Tomato 295355 in roots was induced by NaCl treatment and localized to root epidermal cells.
RICPEROX Rice 287401 Unpublished.
SPPEROXDS Duck weed 438245 Abscisic acid inducible. 88
RICPRXRPNB Rice 1097876 Expression not determined. 115
RICPRXRPAA Rice 1097875 Expression not determined. 115
COTPROXDS Cotton 167367 Expressed in roots. Induced in cotyledon during embryo development and germination. Also 116

induced in leaves during salt stress.

* Peroxidase genes whose genomic sequences were used in determining consensus 5’ and 3’ splice junctions. R, resistant; S, susceptible; Hrp C, Horseradish peroxidase;
EG, Erysiphe graminis; EGH, Erysiphe graminis f. sp. hordei; XOO, Xanthomonas oryzae pv. oryzae; CG, Colletotrichum gloeosporioide.
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FIGURE 8.2 Phylogenetic analysis of deduced amino acid sequences from 62 plant peroxidases. The
phylogenetic map was constructed using PileUp, Distances, and GrowTree programs (GCG, version 8.0).
Peroxidase sequences are indicated by the name of the plant of origin and gene locus. Accession numbers
are listed in Table 8.1. The vertical arrow was placed to reflect biological relationships among peroxidases.
Peroxidases that clustered to a single branch to the right of the vertical line were numbered 1 to 10. Peroxidases
in cluster 2, containing monocot (cluster 2A) and dicot (cluster 2B) peroxidases are shown in bold.
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not used for the comparison. Phylogenetic analysis showed that peroxidases grouped
in several distinct branches (Figure 8.2). Those branches that were located to the
right of a vertical line drawn to reflect biological similarities were recognized as
clusters. Thus, 10 peroxidase gene clusters were recognized. Although spatial and
temporal expressions of cloned peroxidase genes in relation to developmental and
environmental cues have not been studied in all cases, most (eight of 13) pathogen-
inducible peroxidases are grouped into cluster 2 (Figure 8.2). This cluster included
two distinct subgroups, one with peroxidases from monocotyledonous plants and
the second with peroxidases from dicotyledonous plants. The remaining five patho-
gen-inducible plant peroxidases grouped in clusters 1, 3, 4, and 9 (Table 8.1).

Based on the alignment of the 62 peroxidase sequences, the lengths of the
peptides between the F and the G helices varied among different peroxidases and
were distinctly shorter in cluster 2 peroxidases (Figure 8.3). The amino acid
sequences between the F and G helices also were diverged considerably in different
peroxidases, but the sequence of these helices in cluster 2 peroxidases was highly
similar and distinct from the sequences in peroxidases from other groups (Figure
8.3). Because the region between the F and G helices is suggested to provide
structural constraints to the substrate access channel and binding site, cluster 2
peroxidases might catalyze similar substrates. However, whether or not peroxidases
within cluster 2 catalyze similar substrates requires experimental characterization of
the enzymatic properties of the various cluster 2 peroxidases.

The comparison of exon—intron junctions of 17 of the 62 plant peroxidase genes
(indicated in Table 8.1) revealed that eight peroxidase genes contained a unique 5’
splice site at the intron-1-exon junction [TAPOX2 (pox2), TAPOX3 (pox3),
POXgX9, POX22.3, POXS8.1, TAPOX4 (pox4), TAPOX1 (poxl), SSNCAPE
(sphx6b)], and all were from peroxidases that grouped in cluster 2. Only rip1°!
(MTU16727) from cluster 2 did not contain the unusual 5’ splice site in the first
intron. Many proteins encoded by genes with these unusual splice sites are associated
with reactions involving oxygen and a heme moiety; examples include human
cytochrome P-450, human and mouse superoxide dismutase, rat heme oxygenase,
chicken and duck a-globulin, earthworm hemoglobin-c, and soybean nodulin-24.6%63
These findings suggest that cluster 2 peroxidases may have evolved from a common
progenitor and probably have similar enzymatic functions. Characterization of the
substrate specificities for this group of peroxidase may reveal general strategies for
defense against pathogens.

8.4 ORGANIZATION OF PLANT PEROXIDASE GENES

Molecular characterization of class III plant peroxidase genes (which henceforth
will be referred to as plant peroxidase genes) began with the cloning of an anionic
peroxidase from tobacco.5 Since then, over 60 peroxidase genes from diverse plant
species have been isolated and characterized, including multiple genes from indi-
vidual species. At least 30 peroxidase genes have been cloned from rice, wheat,
tomato, tobacco, and Stylosanthes humilis combined (Table 8.1). Within a given
species, some of these genes are highly similar, whereas others are relatively more
divergent. Highly similar plant peroxidase genes present in multiple copies in the
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F helix G helix
LA 2 * * * & * ik

Alfalfa (MSRNAPE(Q2) GAHTLGFSHC DRF-SNRI-- VDPTLNKQ-Y AAQL-QQMCP
Alfalfa (ALFPXDD) GAHTVGFSHC NKF-TNRVYN VDPTLDLH-Y AAKL-KSMCP
Barley (BLYPRX5A) GGHTIGLAHC SSF-EDRLF- PDPTISP-TF LSRLKRT-CP
Barley (BLYPRX6A) GGHTIGLGHC NSF-EKRLF- PDTTMSP-SF VARLKRT-CP
Azuki Bean {(VIRPRX) GGHTIGISHC SSF-NNRLY- QDPVMDK-TF GKNLRLT-CP
Peanut (ARCPNC2) GGHTIGTSEC QFF-SNRLFN FNG----TAA ADPAIDP-SF VSNLQA-LCP
Tomato (LECEVI16EG) GGHTIGTSAC QFF-SYRLYN FN5----TGG PDPSIDA-TF LSQLQA-LCP
S.humilis (SSNPEROXIC) GGHTIGTTSC QLL-SSRLYN FNG PDPTIDP-SF LPQLKA-LCP
Tobacco (TOBCPI40KB) GAHTIGVAHC GAF-SRRLFN FTG VDPSLSS-TY AESLK-QLCP
Tobacco (TOBCPI38KA) GAHTIGVAHC GAF-SRRLFN FTG----KGD MDPSLNP-TY VESLK-QLCP
Tomato (TOMTPX1A) GAHTIGVSRC SSF-SERLYN FTGVVGTQ-- -DPSLDS-EY ADNLKSRKCR
Tomato (TOMTPX2A) GAHTIGVSHC PSF-SSRLYN FTGVWG-K-- -KSSLDS-EY AANLKMKKCK
Rice (RICPEROX) AGHTIGTSHC FSF-TDRLYN FTG-LDNAHD IDPTLEL-QY MARLRS-KCT
Duck Weed (SPPEROXDS) GGHTIGNAHC FTF-TTRLYN FSG-RGDNSD TDPSLER-NY LAKLRA-KCA
Tomate (LETAP1) GAHTVGFARC TSGNVNP--- AAQL-QCNCS
Potato (POTPXD) GAHTVGFARC TSGNVNP--- ARQL-QCNCS
Tomato (LETAP2) GAHTVGFARC TSGNVNP--- AAQL-QCNCS
Rice (RICPRXRPNB) GAH~ IGRASC FTA----SNS V-PTLDASSL ASS--QSQVA
Rice (RICPRXRPAA) GGHTIGRARC -TT----88S ADPTLDA-TM AANL-QSLCA
Wheat (TAPOX2) GAHTIGKAQC SNFRT-RIYG GDTNINT-AF ATSL-KANCP
Wheat (TAPEROXIG) GAHTIGKAQC SNFRT-RIYG GDTNINT-AF ATSL-KANCP
Wheat (TAPOX3) GAHTIGQAQC GTFKD-RIY- NETNIDT-TF ATSL-RANCP
Wheat (TAPERO) GAHTIGQAQC GTFKD-RIY- NETNIDT-AF ATSL-RANCP
Barley (HVPEROXI) GAHTIGQAQC STFRA-RIYG GDTNINT-AY AASL-RANCP
Rice (POXgX3) GAHTIGQAQC QONFRD-RLY- NETNIDS-SF ATAL-KANCP
Rice (POX22-3) GAHTIGQAQC ONFRD-RIY- ---------- NETNIDS-AF ATQR-QANCP
Wheat (TAPOX4) GAHTIGQAQC ONFRD-RLY- ---------- NETNIDT-AF ATSL-RANCP
Rice (POX8-1) GAHTIGQAQC TNFRG-RIY- NETNIDA-GY AASL-RANCP
Wheat (TAPOX1) GAHTIGQSQC RFFRD-RIY- NETNINT-TF ATSL-RANCP
Rice (POX5-1) GAHTIGMARC RGFRT-RLY- NETNIDA-AF AAAL-KANCP
Peanut (ARCPNC1) GAHTIGQAQC TAFRT-RIY- NESNIDP-TY AKSL-QANCP
S.humilis (SSNCAPE) GAHTIGQARC TTFRT-RIY- NESNIDP-SY AKSL-QGNCP
S.humilis (SSNPEROXIA) GGHTIGQARC TSFRT-RIY- ---------- TESNIDP-NF AKSL-QGNCP
Turnip (PERX BRAR) GAHTIGQSRC VNFRA-RVY- - NETNINA-AF A-TLRQRSCP
Wood Tobacco (B65555) GAHTIGQAQC FLFRD-RIYS - NGTDIDA-GF A-STRRRQCP
Barrel Medic (MTU16727) GGHTIGFARC TTFRN-RIY- -- NETNIDP-IF AASLRKT-CP
Cucumber (CUSPREPERB) GAHTFGRSRC -MFFSGRL-N -NN----PNA DDSPIDS-TY ASQL-NQTCQ
Cucumber (CUSCUPER) GAHTFGKSRC -QFFDRRL-N VSN----P-- -DSTLNP-RY AQQL-RQACS
Cucumber (CUSPREPERA GAHTFGRSRC -VFFSGRLSN FSG----SGQ PDPTLDP-TY RQEL-LSACT
Cucumber (CUSPREPER) GAHTFGKSRC -MFFSDRLIN FNG-~--TGR PDTTLDP-IY REQL-RRLCT
Arabidopsis (ATHPRECA) GGHTFGRAQC Q-FVTPRLYN PDPSLYP-TY LVEL-RRLCP
Horseradish (HRAPRXC3) GGHTFGRAQC Q-FVTPRLYN PDPTLDP-TY LVQL-RALCP
Arabidopsis (ATHPRXCA) GAHTFGKNQC R-FIMDRLYN PDPTLNT-TY LQTL-RGQCP
Arabidopsis (ATPRXCB) GGHTFGKNQC Q-~FILDRFYN FSN----TGL PDPTLNT-TY LQTL-RGLCP
Horseradish (HRAPRXC2} GGHTFGKNQC Q-FIMDRLYN FSN----SGK PDPTLDK-SY LSTL-RKQCP
Tobacco (TOBPXDLF) GAHTFGRARC GTF-EQRLFN FNG----SGN PDLTVDA-~TF LQTL-QGICP
Tobacco (TOBPXD} GAHTFGRARC GTF-EQRLFN FSG----SGN PDPTVDA-TF LQTL-QGICP
Tomatoe (LECEVI1A} GAHTFGRARC GTF-QQRLFN -8GS PDPTINS-TY LPTL-QATCP
Black popular (POPPRXA1l) GAHTFGRSQC QFF-SQRL-N -DTN PDPTLNP-TY LQTL-RQACP
Poplar (POPPOL} GAHTFGRAKC STF-DFRLFD -TGA PDQSLNT-TL LADL-QELCP
Poplar (POPPA} GAHTFGRAKC STF-DFRLYD FNS----TGA PDQSLDP-TL LAAL-QELCP
Poplar (POPP2) GAHTFGRAQC STF-DFRLFD FNS----TGA PDPSLDP-TL LAAL-QELCP
Black Popular (POPPO2) GAHTFGRAQC RNFID-RLYN FNN----TGL PDPTLDT-TY LATL-QRLCP
Poplarxr (POPPB) GAHTFGRAQC SSF-NLRLYN FSG----SGN PDPTLNT-TY LAEL-QQLCP
Alfalfa (MSRNAPELC) GRHTFGRAHC AQFVS-RLYN PDPTLNT-TY LQQL-RTICP
Alfalfa (ALFPXDA} GAHTFGRARHC AQFVS-RLYN PDPTLNT-TY LQQL-RTICP
Alfalfa (MSRNAPE1B) GAHTFGRAHC SLFVS-RLYN PDPTLNT-TY LQQL-RTICP
Alfalfa (MSRNAPE1lA) GGHTIGRGQRC RFFVD-RLYN FSN----TGN PDSTLNT-TY LQTL-QAICP
Alfalfa (ALFPXDC} GAHTIGRGQC RFFVD-RLYN FSN----TGN PDPTLNT-TY LQTL-RTICP
S.humilis (SSNPEROXIB) GAHTIGRAQC RFFSS-RLYN PDPSINT-TY LQTL-RSIFP
Soybean (GMU41657) GGHTSGRARC STFIN-RLYN IH--LDT-TY LEVL-RARCP
Cotton (COTPROXDS) GAHSVGRTHC VKLV-HRLY- ----==-- PE VDPALSPDHV PHMLHK--CP

FIGURE 8.3 Alignment of amino acid sequences present between the F and G helices.
Amino acid sequences of 62 plant peroxidases were aligned using PileUp. Dashes indicate
gaps that were introduced to maximize alignment. Peroxidase sequences are indicated by the
name of the plant of origin and gene locus. Accession numbers are listed in Table 8.1.
Peroxidases that grouped to cluster 2 are in bold. Downward arrow indicates the position of
the third intron. Invariable histidine (proximal histidine) and other highly conserved amino
acids are indicated by asterisks (*).
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genome of a species constitute a gene family. Four copies of lignin-forming perox-
idase genes from tobacco,** four suberization-associated peroxidase genes from
tomato,% and at least four peroxidase genes from cucumber®® are members of gene
families in their respective species. The wheat peroxidase gene WIR3% and the S.
humilis peroxidase genes sphx6 and sphx57 hybridized to multiple bands in Southern
analysis of genomic DNA, and are likely members of multigene families.

Studies on the organization of the peroxidase genes indicate that multigene
families of plant peroxidases often are clustered within the genome. In rice, four
peroxidase genes, POXgP2.3, gPOX8.1, gP0OX22.3, and POXgX9, are located in
tandem over a region of approximately 22 kb near the telomere of chromosome 7.
A fifth rice peroxidase gene, POX5.1, also mapped to the same locus in the chro-
mosome. Thus, at least five peroxidase genes map to the same locus on chromosome
7 of rice. In rice, as many as 10 to 12 copies of peroxidase genes are estimated to
occur in the genome. In the genome of Populus kitakamiensis,*® tomato,® horserad-
ish,® and wheat,”® two similar genes for peroxidase are arranged in tandem. Tandem
arrangement of peroxidase genes is not limited to plants. Three genes for peroxidase
are arranged in tandem in the genome of the white-rot fungus, Trametes versicolor.™
Also, clustering of genes from multigene families is not unique to peroxidases; other
examples exist for a number of multigene families in a variety of plant species.”

8.5 EXPRESSION OF PEROXIDASE GENES

The expressions of peroxidase genes are summarized in Table 8.1. These studies in
toto demonstrated that the expression of the genes is regulated strictly. Peroxidase
genes showed different organ-specific regulation®”7%7>-77 and were induced by factors
such as pathogen stress,3361:66.67.70.76-84 wounding,6467.77.82.84.85 ethylene,’%33-%7 and
abscisic acid treatments.%>88

8.5.1 ExpPRessiON OF PEROXIDASE GENES DURING PATHOGEN
STRESS

Although plants contain a number of highly similar peroxidase genes, only some of
these are expressed during pathogen stress.”®7780.8 In rice, only two (POX22.3 and
POX8.1) of four studied peroxidase genes were found to be induced during pathogen
stress.”” Similarly, of the six highly similar wheat peroxidase genes (Table 8.1), only
two, pox2™ and pPOX38'8° were induced during pathogen stress. The presence of
multiple copies of highly similar, yet differentially expressed, peroxidase genes may
reflect an evolutionary adaptation in plants to fine-tune their responses to varied
stimuli and avoid inappropriate gene expression.

Studies on the dynamics of induction of peroxidase genes during pathogen
challenge have indicated that the genes were induced more rapidly and to a higher
level in resistant interactions than in susceptible interactions.””” In rice, POX22.3
was induced differentially during infection of leaves with virulent (susceptible inter-
action) and avirulent (resistant interaction) strains of Xanthomonas oryzae pv.
oryzae.”” It was induced rapidly in leaves in 12 h during the resistant interaction. In
the susceptible interaction, induction of POX22.3 was delayed and occurred only
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after 36 h. The level of transcription at 36 h was lower than the level in the resistant
interaction. Two barley peroxidase genes, pBT6-3 and pCD1311, also showed dif-
ferential induction patterns during resistant and susceptible interactions with the
powdery mildew pathogen, Erysiphe graminis f.sp. hordei. Both of these transcripts
were also elevated to higher levels during resistant interactions than during suscep-
tible interactions.” Transcripts corresponding to anionic potato peroxidase genes
were induced by elicitors of Verticillium albo-atrum in tomato cell cultures made
from a plant cultivar that was resistant to the fungus. In contrast, cells from a near-
isogenic susceptible tomato line showed very little induction of the anionic perox-
idase gene. In these examples, the dynamics of induction of peroxidase genes were
consistent with the induction of peroxidase enzyme activity during resistant and
susceptible interactions.

Opposite to the above examples, plant peroxidase genes were induced rapidly
during compatible interactions.®!67:8 The peroxidase gene rip/ was induced rapidly
in the roots of Medicago truncatula following inoculation with the symbiont Rhizo-
bium meliloti.5' Similarly, three S. humilis peroxidase genes (sphx6a, sphx6b, and
sphx2) were induced rapidly following inoculation with virulent strains of Colletot-
richum gloeosporioides. The three genes also were induced by wounding.®”34
Recently, sphx6a and sphx6b were shown to be induced by methyl jasmonate, which
is a signal molecule produced in plants in response to wounding.?* In both M.
truncatula and S. humilis, induction of peroxidase genes preceded penetration by
the pathogen. Attempts to repair the cell wall at the site of infection® or formation
of specialized cell wall structures®! have been suggested to explain the increase in
peroxidase induction during susceptible interaction.

8.5.2 REeGULATION OF PLANT PeroXIDASE GENES DURING
PATHOGEN STRESS

As can be deduced from the expression studies, peroxidase gene regulation is
undoubtedly complex. Some genes with similar promoter sequences are regulated
differentially. The nucleotide sequence ~220 bp upstream of the ATG start codon
of the putative promoter region of the rice peroxidase gene POX22.3 is 67 to 70%
similar to promoter regions of three wheat peroxidase genes, pox2, pox3,’® and
TAPEROXIG.® In spite of the high degree of similarity, the four peroxidase genes
appear to be regulated differently. POX22.3 was expressed in the roots and leaves
and was induced differentially during resistant and susceptible interactions with X.
oryzae pv. oryzae.” Among the three wheat peroxidase genes (whose promoters are
76% identical between pox2 and pox3 and 95% identical between TAPEROXIG and
pox2 in the same region), TAPEROXIG and pox2 were expressed in the roots, and
pox3 was expressed only in leaves.”®® Only pox2 was induced in leaves during
susceptible interactions with the powdery mildew fungus E. graminis.”

The putative promoter regions in all four genes contained sequences identical
to the G-box element GCACGTG and an upstream highly conserved region. G-box
elements are highly conserved cis-regulatory regions that are located relatively close
to the TATA-box (between position —50 and —250) in a number of environmentally
induced plant promoters (for a review, see reference 90). The differences in distances
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between the G-box element and other potential cis-regulatory regions may account
for the differences in gene regulation.’® The presence or absence of certain critical
trans-acting factors in different tissues or during different developmental stages may
also influence gene regulation.

In other instances, peroxidase genes with different putative promoter sequences
were regulated similarly. Although the promoter regions of gPOX22.3 and gPOX8.1
are distinct (Chittoor et al. unpublished), the genes are expressed rapidly during
resistant interactions with X. oryzae pv. oryzae. One explanation may be that these
two genes are induced as a result of two different stimuli occurring during resistant
interactions. For example, POX22.3 may be activated by the specific resistance
induction mechanism, whereas wounding or tissue damage that occurs during resis-
tance could be a trigger for activation of POXS.1. Molecular characterization of the
cis-acting elements and the trans-acting factors for the promoter regions of these
peroxidase genes would provide insight into the regulation of these genes during
resistant and susceptible interactions and further our understanding of specific signal
transduction pathways leading to gene activation.

8.6 DETERMINATION OF THE POTENTIAL ROLE OF
PEROXIDASE IN DEFENSE AGAINST PATHOGENS
BY SUPPRESSION OR OVER-EXPRESSION OF
PEROXIDASE GENES IN TRANSGENIC RICE
PLANTS

Despite the strong correlative evidence for the involvement of peroxidase activity
with resistance, a specific role for any peroxidase in resistance has not been defined.
One difficulty has been that peroxidases are encoded by closely related multigene
families, as discussed above, and one or more genes may contribute to a particular
physiological function. Abolition of activities of a highly anionic pathogen- and
wound-induced peroxidase in transgenic tomato plants did not result in the inhibition
of suberization in wounded periderm.’’ Similarly, no difference in lignin content
was observed in transgenic tobacco plants carrying an antisense peroxidase construct,
although the peroxidase level was reduced significantly.”> A possible explanation is
that other peroxidases may have substituted for the abolished activity of the perox-
idase.’! Alternatively, suppressed peroxidase may not be involved in suberization of
wounded tissue and may have another role. The effects of the suppression of per-
oxidase on pathogen stress were not reported for either of these cases.

An analogous situation in loblolly pine reveals the difficulties in determining
the functional role of an enzyme.> Cinnamyl alcohol dehydrogenase (CAD) converts
coniferaldehyde to coniferyl alcohol, the primary lignin percursor in pines. However,
plants severely depleted in CAD grew normally. Examination of lignin monomers
in mutant plants showed that dihydroconiferyl alcohol, which is not the usual pre-
cursor in the lignin biosynthetic pathway, is the major component of lignin in the
mutant plants.”® Thus, extensive variation in the lignin composition in plants occurs
without affecting the functional properties of lignin. This work also draws our
attention to the complexity and potential flexibility of important biosynthetic path-
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ways. Alterations in the levels of other enzymes of the lignin biosynthetic pathway,
which includes peroxidases, may not significantly affect the physiological function
of the end product.

Insight into the biological function of an enzyme also can be gained by over-
expression of the gene(s) encoding the enzyme in transgenic plants.®* Over-expres-
sion of anionic tobacco peroxidase in transgenic tomato plants resulted in a 20-fold
increase in lignin content in fruit after wounding compared to a twofold increase in
wounded fruit from nontransformed tomato plants. Because the transgenic tomato
seedlings were still susceptible to four tomato pathogens,” the results were not
conclusive in determining a role for peroxidases. The failure of transgenic tomato
plants expressing the tobacco anionic peroxidase to resist infection was attributed
partly to the age of the plants tested (seedlings) and the excessive amount of inoculum
used. Similarly, over-expression of defense-related, intercellular barley peroxidase
in transgenic tobacco did not result in enhanced resistance to the tobacco powdery
mildew pathogen Erisyphe cichoracearum.®

8.7 CONCLUSION

Physiological and molecular characterizations of plant peroxidases have provided
evidence that the enzymes are involved in plant defense. Induction of peroxidase
genes with concomitant increases in peroxidase enzyme activity correlated tempo-
rally and spatially with resistance in a number of plant—pathogen interactions. Phy-
logenetic analyses and comparisons of amino acid and nucleotide sequences of plant
peroxidases have suggested that pathogen-inducible plant peroxidases may show
preferences for similar substrates and may function similarly. However, determina-
tion of the role of peroxidase in defense responses through transgenic studies, such
as over-expression or abolition of peroxidase enzyme activities, has remained incon-
clusive. Studies regarding the role of peroxidase may be confounded by the presence
of multiple peroxidase genes even within a single plant species. Until the contribu-
tions of specific peroxidase gene family members are evaluated, the role of perox-
idase in resistance will remain unknown.
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9.1 INTRODUCTION

Pathogenesis-related (PR) proteins are so named because of the intimate association
of their expression with pathogen attacks (van Loon, Chapter 1). The pathogen-
activated PR gene expression plays an important role in plant defense against patho-
gens. A good example is the coordinated activation of a variety of PR genes during
the onset of systemic-acquired resistance in tobacco and Arabidopsis.'? Since the
discovery of PR proteins, regulation of PR gene expression has been a highly active
research area. However, how pathogen-infection leads to PR gene expression in
plants is still poorly understood. This is due, in part, to the complexity of environ-
mental stimuli and developmental cues that can induce the expression of various PR
genes. For example, PR genes can be induced not only by the infection of a variety
of pathogens, but also through stimulation by phytohormones and an array of stress
conditions such as wounding, osmotic stress, UV light, and oxidative stress.> In
addition, certain tissue types such as roots, flowers, and cultured cells are highly
active in PR gene expression presumably due to developmental stimuli. Furthermore,
our efforts to unequivocally identify signal transduction components that link a
particular external stimulus to the expression of PR genes has been hampered, until
recently, by the lack of a genetic system. Nevertheless, clues to this complex problem
are now beginning to emerge due, in part, to the rapid progress in the plant disease
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resistance field. Because signal transduction in plant defense responses is an over-
whelmingly large subject that has been reviewed extensively,*” this chapter focuses
on signal transduction mechanisms directly related to PR gene regulation.

9.2 SIGNALS AND PUTATIVE RECEPTORS THAT
ACTIVATE PR GENE EXPRESSION

A number of molecules derived from pathogens during plant—pathogen interactions
can serve as elicitors for PR gene induction. Elicitors of pathogen origin include
chitin fragments and glucans that are derived from fungal cell wall, extracellular
glycoproteins/peptides from certain fungal species, oligosaccharides and harpins
from bacteria, and Avr proteins derived from bacterial and fungal pathogens.? Thus
in the event of plant—pathogen interactions, expression of PR genes in plants is often
subjected to multiple stimuli. In contrast to the vast number of signals known to
induce PR gene expression, no receptors have been unequivocally established for
these signal molecules.

One well-characterized elicitor is the B-glucan elicitor (GE) released from Phy-
tophthora sojae cell wall by a -1,3-glucanase from soybean. GE was originally
identified based on its ability to induce phytoalexin biosynthesis.” Recently, a high-
affinity GE-binding protein (GEBP) has been purified from soybean and the corre-
sponding cDNA isolated.'” The amino acid sequence of GEBP does not match any
proteins in the database with known function. Supporting a role of GEBP as a bona
fide receptor of GE, an antiserum raised against GEBP partially inhibited the binding
of GE to soybean membrane proteins and reduced the phytoalexin accumulation
elicited by GE. However, transgenic tobacco plants carrying the GEBP gene failed
to respond to GE. Thus, an in vivo function of GEBP is yet to be demonstrated.

Infection of parsley by the nonhost pathogen Phytophthora sojae causes ion
channel openings, increased protein phosphorylation, expression of defense genes
including PR genes, accumulation of phytoalexin, and hypersensitive cell death.!!:12
A 42 kDa glycoprotein secreted by this fungus has been purified and shown to
possess the elicitor activity. Furthermore, a 13 amino acid oligopeptide sequence
(Pep13) in this protein was found necessary and sufficient for the elicitor activity
when assayed in cultured parsley cells.'?> A 25 amino acid oligopeptide (Pep25)
encompassing the Pep13 sequence was also found to be a potent elicitor and more
stable than Pep13.!* A high-affinity, specific binding site for this elicitor has been
identified on parsley plasma membranes, but it remains to be determined whether
this binding site corresponds to a receptor for this peptide. The major challenge is
to purify a high-affinity-binding protein for the elicitor molecule and establish its
role in plant defense.

Another class of elicitors is the polypeptide encoded by pathogen avirulence
(avr) genes. A pathogen containing a particular avr gene is recognized by the host
plant that carries a corresponding resistance (R) gene and activates disease resistance
mechanisms in the latter. Extraordinary progress has been made on this subject in
the past decade and numerous R genes and avr genes have been isolated. The reader
is referred to several excellent reviews on this topic.>!%!> The recognition of the avr
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gene by R gene normally activates a variety of defense responses, including increased
PR gene expression, in the plant. One excellent example is the apoplast-located race-
specific elicitor, an oligopeptide, encoded by the avr9 gene from Cladosporium
Sfulvum, a fungal pathogen that causes leaf mold disease in greenhouse-grown tomato
plants. Injection of tomato intercellular washing fluid (IF) containing this peptide
into tomato rapidly activated the transcription of glucanase and chitinase genes in
plants carrying the cognate R gene Cf9.'617 Although a high-affinity Avr9-binding
site has been detected in tomato and tobacco, it does not correspond to any known
Cf resistance genes.!® Thus although Cf9 encodes a transmembrane protein with a
putative extracellular ligand-binding domain, whether it is a receptor for Avr9
remains undetermined. Another race-specific fungal elicitor known to activate PR
genes is the NIP1 protein from the barley pathogen Rhynchosporium secalis."®
The only evidence that an Avr protein directly interacts with an R gene product
came from the study of bacterial speck disease in tomato. Tomato plants harboring
the resistance gene Pfo, which encodes a cytoplasmic kinase, are resistant to the
bacterial pathogen Pseudomonas syringae pv tomato carrying the avrPto gene.”
When expressed in yeast, the Pto and AvrPto proteins were capable of highly specific
association. Alterations of amino acid sequences of Pto or AvrPto that blocked
Pto—AvrPto association also abolished the resistance function in the plant.2!?> The
results suggest that Pto acts as a receptor for the AvrPto protein. It is now believed
that many bacterial Avr proteins are secreted and act directly within host cells. Using
an inducible gene expression system, McNellis et al.* directly expressed the bacte-
rium-encoded AvrRpt2 protein in an Arabidopsis line that carries the cognate R gene
RPS2 and stimulated hypersensitive response (HR, a typical defense reaction) and
“super induction” of the PR-I gene. The availability of such a system is invaluable
for the elucidation of defense signaling mechanisms mediated by avr-R interaction.

9.3 PATHOGENS ACTIVATE PR GENES BY DIFFERENT
PATHWAYS

Upon infection by pathogens, plants often exhibit increased production of reactive
oxygen species (ROS), salicylic acid (SA), ethylene, and jasmonates.**> These mol-
ecules can serve as secondary signals to activate plant defense. Recent results also
indicate that nitric oxide is an important secondary signal during plant defense.?*?
Many of these secondary signals are well-known inducers for PR gene expression.
For example, SA induces PR genes (encoding mostly acidic PR proteins) that are
normally activated during SAR, whereas ethylene and jasmonates are known to
induce genes encoding proteinase inhibitors, defensin, thionin, and basic PR pro-
teins.!*262° However, in the majority of studies, it’s uncertain if the observed PR
gene induction by a particular pathogen requires secondary messengers. To compli-
cate the matter, cross talks are common between signaling pathways mediated by
these secondary messengers. For instance, SA is known to inhibit the biosynthesis
of ethylene and jasmonates, and jasmonate-activated Pin (proteinase inhibitor) gene
expression in tomato, whereas ethylene and jasmonates synergistically enhance the
expression of Osmotin, PRI-b in tobacco, and Pin2 in tomato.?6?73%3! Fortunately,
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a number of Arabidopsis mutants have been isolated that are defective either in the
biosynthesis or sensing of ethylene, jasmonates, and SA .3>3* The use of these mutants
should be helpful in clarifying the roles of these secondary messengers in plant
defense responses against pathogen attacks.

9.4 TRANSCRIPTIONAL REGULATION OF PR GENE
EXPRESSION

Transcriptional regulation has been one of the most active areas in PR gene research.
Pathogen-induced PR gene expression often occurs at the level of transcription.
Through traditional promoter deletion analysis coupled with mutagenesis of putative
regulatory elements, gain-of-function studies with synthetic promoters, and DNA-
fingerprinting analysis, several cis-regulatory elements mediating pathogen-induced
PR gene expression have been identified.>*33¢ These include the W-box (consensus
TTGACC or TGAC-[N],-GTCA), GCC box (consensus AGCCGCC), MRE-like
sequence (consensus A[A/C]C[A/T]A[A/C]C), G-box (consensus CACGTG), SA-
responsive element (SARE, with a consensus of TTCGACCTCC), and an 11 bp cis-
element mediating elicitor-induced PR-2 expression in parsley. Detailed below are
the GCC box and W-box that have been studied extensively and have a wide
implication in PR gene regulation.

The GCC box was originally identified as an ethylene responsive element in the
promoter of a number of tobacco basic PR genes.?”* To date, more than 20 plant
genes are known to contain the GCC box, mostly PR genes from solanaceous
species.® Interestingly, other ethylene-responsive genes that function in fruit ripen-
ing and flower senescence do not appear to contain the GCC box. It may be that
the GCC box is associated with defense responses mediated by ethylene. One
exception to this is the GCC box in the promoter of Arabidopsis HLSI gene that is
required for the formation of apical hook when etiolated seedlings are exposed to
ethylene.*® HLS] mRNA is also induced by ethylene, but the significance of the
GCC box in this induction is not known. The GCC box is necessary and sufficient
to confer ethylene-induced transcription of the tobacco gln2 gene that encodes a [3-
1,3-glucanase.’® A similar conclusion has been reached with tobacco PRB-1b and
Osmotin promoters. At this point, it is not clear whether the GCC box also confers
the inducibility of these genes by stimuli other than ethylene. It should be noted that
a mutated GCC box not only failed to confer ethylene inducibility, but also exhibited
diminished basal transcriptional activity when fused to a synthetic promoter.3®*! In
addition, a 140 bp fragment that contains the GCC box from the Osmotin promoter
is necessary and sufficient to confer the responsiveness to most of the stimuli known
to induce Osmotin.*>* Thus, it is possible that the GCC box could be a point of
cross talk between various signal transduction pathways. However, the requirement
of GCC box for PR gene induction by pathogens still lacks direct evidence.

Ohme-Takagi and Shinshi3® screened a tobacco cDNA library with a radiolabeled
GCC box DNA fragment in a South—-western blot and isolated 4 cDNA clones
encoding GCC box-binding proteins EREBP-1, EREBP-2, EREBP-3, and EREBP-
4. These proteins share a central domain of 59 amino acids that is responsible for
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binding to the GCC box. EREBP transcripts are induced by ethephon, a compound
known to release ethylene upon its degradation, suggesting that ethylene further
induces the expression of EREBP genes. However, caution should be exercised
because ethephon degradation also leads to the accumulation of acid that is known
to activate certain genes.* Therefore, it is possible that the observed EREBP gene
induction following ethephon application is caused by acid rather than ethylene.
Most recently, Ecker’s group reported strong evidence that an Arabidopsis EREBP
homolog, AtERF1, acts directly downstream of EIN3, a nuclear component of the
ethylene signaling pathway, and activates PR gene expression.** The AtERF1 gene
was found to be induced by ethylene in wild-type Arabidopsis but not in the ein3
mutant. The EIN3 protein was capable of binding to the promoter sequence of
AtERF 1, suggesting that EIN3 functions as a transcription regulator of AzERFI. The
AtERF]1 protein binds to the GCC box and, when overexpressed in Arabidopsis,
resulting in constitutive activation of a basic chitinase gene and PDF1.2 (encoding
a protein called defensin).

The EREBP-1 gene was also found to be induced by Pseudomonas bacteria and
SA, suggesting a role of this gene in plant defense.*#7 A direct connection of the
EREBP proteins with a disease-resistance pathway came from the study of the
signaling pathway mediated by the tomato gene Pto. Using Pto as a “bait,” Zhou et
al.* identified several proteins that interact with Pto in a “yeast two-hybrid” assay.
These proteins are collectively called Pto-interacting proteins (Pti). Three proteins,
Pti4, PtiS, and Pti6, are highly similar to tobacco EREBPs at the amino acid level.
Pti5 and Pti6 have been demonstrated to bind the GCC box of the tobacco gin2
gene. Thus, it is likely that Pti4/5/6 and EREBPs act in the R gene pathway.
Phosphorylation has been suggested to play an important role in the activation of
PR gene expression during pathogen attacks.*®# The direct interaction of the Pto
kinase with Pti4/5/6 reinforces this possibility. Indeed, in vitro phosphorylation of
Pti4 by Pto has been demonstrated (Y. Gu and G. Martin, personal communication).
It is possible that Pto can directly activate these transcription factors by phosphory-
lation. Interestingly, Pti4 and Pti5 display differential regulation during pathogen
infections (V. Thara and J. Zhou, unpublished results). While P#i5 transcripts are
barely detectable prior to pathogen-inoculation, they accumulate rapidly upon the
inoculation of P. syringae tomato. In contrast, the expression of Pti4 was readily
detected without inoculation and was further enhanced by Pseudomonas inoculation.
Pti4 was also strongly induced by mock inoculation with buffer, suggesting that Pti4
is responsive to mechanical or osmotic stress. While these findings strongly suggest
that the Pti proteins are transcription activators mediating pathogen-induced PR gene
expression, in vivo experiments are necessary to confirm this possibility. Further-
more, it will be important to determine if the Pti proteins also mediate the ethylene-
activated PR gene expression.

Another highly conserved cis-element is the W box. The W box is present in
parsley PRI-1 and PRI-2 (both encoding the PR1 protein), tobacco CHN50 (encod-
ing a class I basic chitinase), asparagus AoPR1 (encoding the PR10 protein), potato
PR-10a (encoding the PR10 protein), and maize PRms (encoding the PR1 protein).
Other pathogen inducible genes such as the potato glutathione S-transferase gene
prpl and the grape phytoalexin synthesis gene Vst/ also contain the W box in the
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promoter, suggesting a wider role for this element in pathogen-induced gene expres-
sion.*® Promoter deletion analysis has demonstrated that the W box is required for
Pep25-induced expression of the parsley PRI-1 and PRI-2 genes.”® A tetramer of
the W box fused to a 35S minimal promoter was able to confer the elicitor-induced
expression in a transient assay indicating that the W box is sufficient to confer such
induction. Similar results were obtained for the maize PRms gene using a crude
elicitor prepared from fragmented mycelium of Fusarium moniliforme.>!

By using a South—-western screening, Rushton et al.*® cloned three parsley cDNAs
encoding W box-binding proteins. These proteins contain the consensus sequence,
WRKYGQK, and are termed WRKY family proteins. The carboxy terminus of these
proteins contains a zinc finger structure that may function in DNA-binding or pro-
tein—protein interaction. When transiently expressed in plant cells, the Arabidopsis
WRKY protein ZAP1 can activate a promoter containing a W box, indicating that
ZAP1 is capable of trans-activating W box-containing genes in vivo.>? Similar to the
pathogen-induced EREBP-1 and Pti5, parsley WRKY-1 and WRKY-3 are transiently
induced by the Pep25 elicitor.>

A major challenge in the future will be to address the in vivo function of the
cloned transcription factors. Obviously, rigorous tests on transgenic plants with
altered expression of the transcription factor genes are required to establish their
roles in PR gene expression and defense responses. It should be noted that EREBPs
and WRKY genes exist as large families. Whether different family members possess
distinct or redundant functions awaits investigation. In addition, it is necessary to
understand how different signals affect PR gene expression. For example, do differ-
ent signals converge on the same transcription factor? Do these transcription factors
interact? In Arabidopsis, the EREBP homolog AtEBP1 was found to interact with
a basic-region leucine zipper transcription factor OBF4.%3 Answering these questions
may enable us to better understand cross talks between different signaling pathways.

9.5 GENETIC STUDIES ON PR GENE EXPRESSION

In Arabidopsis, several PR genes, such as PR-1, PR-2, and PR-5, are known to be
induced by pathogens and SA.2?* One of the most dramatic effects of SA on plants
is the rapid induction of a large set of PR genes at very high levels. By using an
SA-inducible promoter-GUS fusion construct (BGL2::GUS), Dong and her
colleagues®* have identified a number of interesting Arabidopsis mutant plants with
altered PR gene expression. One of the mutants is npr/ (nonexpressor of PR genes)
in which both the GUS gene and endogenous BGL2 (PR2) gene failed to respond
to SA and pathogens.> The same mutant also has been identified by other screening
schemes.>¢-3% Subsequent characterization of this mutant indicated that the wild-type
NPRI gene is necessary for the expression of a number of PR genes when infected
by pathogens (bacteria and fungi) or treated with SA. Another class of mutants is
called cpr (constitutive expressors of PR genes) mutants.”-%! These mutants, includ-
ing cprl, cpr5, and cpr6, constitutively express PR genes in the absence of pathogen
or exogenously applied SA.

The NPRI gene has been cloned, and it encodes a protein containing ankyrin
repeats.®>% Ankyrin repeats are involved in protein—protein interactions and have
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been found, but not limited to, mammalian IxB and Drosophila Cactus proteins.
Both animal proteins function by masking the nuclear localization sequence (NLS)
of transcription factors such as NFxB, thus sequestering the latter in the cytoplasm.®*
Upon activation by external stimuli, the IkB, and likely Cactus, are phosphorylated
and rapidly turned over by the ubiquitin/proteasome pathway, thus allowing nuclear-
entry of the transcription factor NF-kB. Interestingly, the same mechanism is used
both by mammals and Drosophila to activate defense gene expression which, similar
to PR gene expression, leads to the accumulation of antimicrobial proteins.®5 While
the presence of ankyrin repeats suggests that interactions with other proteins are
involved in its function, NPR1 must act differently than IxB. First, while IxB
negatively regulates gene transcription, NPR1 appears to be a positive regulator of
PR gene expression. Loss of the NPR1 function in the npr/ mutant resulted in the
inability of PR gene induction rather than constitutive PR gene expression.” Con-
versely, overexpression of NPRI has enhanced pathogen-induced PR gene expres-
sion in Arabidopsis.®® Furthermore, the NPR1 protein is targeted to the nucleus at
the onset of SAR, suggesting that NPR1 acts in the nucleus to activate PR genes,
contrasting the cytoplasmic location of IxB.3*

Epistatic analysis has placed the CPRS5 and CPRI genes upstream of SA pro-
duction, and the NPRI and CPR6 downstream of SA production.’*¢! The wild-type
CPRS5 gene functions by negatively regulating hypersensitive response, whereas the
wild-type function of the CPRI gene is to negatively regulate SA biosynthesis. In
addition to the classical PR genes (such as PRI, PR2, and PR5), PDF1.2 (encoding
a defensin) and Thi2.1 (encoding a thionin) are also constitutively expressed in the
cpr5 and cpr6 mutants. In contrast, the cpr/ mutant accumulates only the classical
PR genes but not PDFI.2. A cpr5:nprl double mutant accumulated mRNA for
PDF1.2 but not PRI, PR2, or PRS5, indicating that the expression of PDFI.2 is
independent of NPR1 function. 3° Thus, the activation of Arabidopsis defense genes
appears to follow two separate pathways: an NPR1-dependent pathway for PRI,
PR2, and PRS5 expression, and an NPR1-independent pathway for PDF 1.2 expression
and, possibly, Thi2.1 expression. The NPR1-independent pathway is likely to involve
jasmonates and ethylene; both are known to activate PDF1.2 and Thi2.] expression.
By constructing double mutants between the cpr5 or cpr6 mutants with ein2, an
ethylene insensitive mutant, it was discovered that ethylene signaling is required for
PDF1.2 expression in both cpr5 and cpr6 mutants.’* Several jasmonate insensitive
mutants are available in Arabidopsis.*> Double mutant analysis between the cpr
mutants and jasmonate-insensitive mutants should aid in our understanding of the
roles of CPR genes and jasmonates in plant defense responses. Genetic studies
suggest that CPR6 may be responsible for the cross talk between the SA-mediated
signaling pathway and the jasmonates/ethylene-mediated signaling pathway.®' Thus,
it will be critical to isolate the CPR6 gene and determine the relationship between
CPR6, NPR1, and components from the jasmonates and ethylene signaling pathways
such as COI1, EIN2, EIN3, and AtERF].32:46:49.50.67
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9.6 CONCLUSION

The mechanisms underlying pathogen-induced PR gene expression remain largely
unknown. The EREBP/Pti and WRKY proteins may play crucial roles in PR gene
regulation. This possibility cannot be confirmed without evidence from reverse
genetics. Should these proteins represent transcription factors that globally regulate
PR gene expression, they may provide means to engineer plants with enhanced
disease resistance. Genetic studies not only have identified important genes such as
NPRI and CPRs in the signaling pathways leading to PR gene expression, they have
also permitted various signaling pathways to be distinguished. Continued efforts
combining both molecular and genetic approaches should greatly advance our knowl-
edge in this area.
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demonstrate that the PDF1.2 gene is a target for the EREBP/Pti class of transcription
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10.1 INTRODUCTION

Plants are steadily threatened by a variety of pests and pathogens against which they
have evolved different defense mechanisms. Preformed physical barriers' and toxic
metabolites? are two parts of the defense. Other defense reactions are set in action
only after attack by pathogens or pests. These include the formation of phytoalexins,?
pathogenesis-related (PR) proteins,* papillae,’ a strengthening of cell walls,® and the
hypersensitive response (HR), which is thought to function by isolating and killing
microorganisms in a small region of the plant by localized cell death.”? Following
an HR, plants often develop a systemic resistance (SAR) against subsequent patho-
gen attacks. Salicylate plays a key role in SAR,’ although it is still debated if it is
the transmitted signal. Resistance coincides with the expression of certain PR-
proteins.!?

A different inducible defense mechanism is triggered by wounding, which
occurs, for instance, through the activities of grazing insects or their larvae. This
leads to the expression of, among others, proteinase inhibitors which are thought to
act on enzymes in the digestive tract of insects. The signal transduction pathway
leading to the induction of proteinase inhibitors has been studied intensively in
tomato.!12 Systemin, an 18 amino acid oligopeptide,'* and jasmonate'* have been
identified as key components of this system.
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The defense system of plants (and animals) also includes a variety of relatively
small, basic, cysteine-rich polypeptides with in vitro antimicrobial activities (for
reviews, see references 15 and 16). Among these are lipid transfer proteins,!” plant
defensins,'® and thionins (for previous reviews, see references 19 through 22).
Thionins are the subject of this review. After a general review of thionins, I will
discuss work on barley leaf thionins and Arabidopsis thionins which strongly sup-
ports the view that thionins are defense proteins.

10.2 DISTRIBUTION OF THIONINS

The toxic activity of thionins was apparently first described by Jago and Jago in
1885 (cited in Ohtani et al.?®), who reported that wheat flour contains a substance
that is toxic to yeast. Balls and Hale?* found that it could be extracted with petroleum
ether. The polypeptide responsible for the toxicity was isolated by Balls et al.>> and
named purothionin. It was later shown to consist of three different isoforms whose
sequences have been determined (Figure 10.1). Purothionins, as with the majority
of thionins, are basic and cysteine-rich polypeptides with a molecular weight of
about 5 kD. Related polypeptides, all with eight conserved cysteine residues, have
been isolated and sequenced from the endosperm of oat and barley (see Figure 10.1)
and are also present in other species of the Poaceae.’®* The occurrence of thionins
in maize*** is doubtful, because a polypeptide with similar properties, but clearly
not homologous to thionins, has been isolated from maize grains.* Recently, seed-
specific thionins have been discovered in wheat and Aegilops squarrosa, which are
neutral and lack the cysteine residues 2 and 8.333* All thionins mentioned thus far
are localized in the endosperm of cereals. Leaf-specific thionins have been discov-
ered in barley in addition to the seed-specific hordothionins?>3¢ and will be discussed
later. Furthermore, five different cDNAs for thionins were recently cloned from
another monocotyledonous plant species, Tulipa gesneriana.’’ One of the thionins
encoded by the cDNAs has an unusual pattern of cysteines (see Figure 10.1), and
their acidic domains are also unique in having only three cysteine residues.
Thionins are also present in dicot species. One large group of thionins (Figure
10.2) has been found in different species of mistletoes. The toxic effects of vis-
cotoxins toward mammals have been investigated in detail®?% because of the medical
use of mistletoe extracts in the treatment of cancer for instance,’® but it should be
noted that mistletoes contain other toxic compounds in addition to the viscotoxins,
for instance lectins.®” The crude thionin extract from mistletoe leaves was first
isolated by Winterfeld and Bijl.%® This crude mixture was separated into three distinct
viscotoxins by Samuelsson® and Samuelsson and Pettersson,’”® and later into four.”!
Several viscotoxins from different species have been sequenced (see Figure 10.2).
However, mistakes occurred in the determination of the C-terminal amino acids, as
has also been discussed by Vernon et al.# The correct sequences for viscotoxin A3
and B have been deduced from cDNA sequences,’! and the C-terminus of all
viscotoxins in Figure 10.2 has been corrected accordingly. Using a PCR-based
approach, Schrader-Fischer and Apel® isolated DNA fragments for two other visc-
otoxins from V. album. In contrast to the classical viscotoxins which are characterized
by six cysteine residues, these newly identified viscotoxins contained eight cysteine
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Position: 1 - 10 _ 20 30 40
Purothionin al KSCCRSTLGRNCYNL?RARG--—AQKLCAGVCRCKISSGLSCPKGFPK 23, 26, 27
Purothionino2 KSICCIRTTLGRN|CJY NLICIRSRG - ~--AQKIL|C|ISTV|C|IRICIKLT SGLS|CIPKGFUPK 26
Purothionin B KSICCKSTLGRN|CIY NLICIRARG - ~--AQKL|ICIANVICIRICIKLTSGLS|CIPKDFUPK 23, 27, 28
Avenothionin a KSICCIRNTLGRN|C|]YNL|[CIRSRG---APKL|CIATV|CIR|ICIKISSGLS|CIPKDFPK 29
Avenothioninﬁ KSICCIKNTLGRNUIN|CIYNL|ICIRARG---APKIL|CISTV|C|IRICIKLTSGLS|CIPKDFPK 29
Hordothionin KSICCIRSTLGRN|CIY NLICIRVRG ---AQKIL|CJAGVICIR|CIKLT S SGK|CIPTGF PK 30, 31
Hordothioninﬁ KS|ICCIRSTLGRN|C|I[YNL|ICIRVRG ---AQKIL|CIANA|C|IRICIKLT SGLK|C|IPSSFPK 32
pTTH20, Tthv2,AthVl VD NPFKVA|C{FNSICILLGPS --TVFQ|CIADF|CJAICIRLPAG - - - - - - - - - 33, 34
1
DB4 KS|ICCIKDTLARN|CIYNT|CIHFAGG--SRPV|C|JAGA|C|IR|ICI[KI I SGPK|C|IPSDYPK 35
DC4 KSICCIKDTLARNDNIC|IYNTICIRFAGG-~-~SRPV|CIAGA|C|R|CIKTI I SGPK|C|IPSDYPK 35
DG3 KS|ICCKNTTGRN|CIYNA|ICIRFAGG--SRPV|CIATA|C|GICIKTIISGPTIC)PRDY P K 35
pKG1348 KS|ICCKNTTGRN|CIYNA|ICIRFAGG-~-~SRPV|CIATAIC|GICIKI ISGPT|CIPRDYPK 36
TgThil-~1 KS|CCIRTTAARN|CIYNV|ICIR-LGGT-PQTL|CIART|CID|CITIHI PTTGN|C|[PRSHPK 37
TgThil-2 KS|[CCRNTTARN|CIYNVICIR-LPGT-PRPV|CIAAT|CID|C{IKI I SSGK|CIPPGYEK 37
TgThil-3 KS|CCRNTTARN|CI]YNVICIR-LPGT-PRPV|CIAAT|CID|CIKI I SSGK|CIPPGYEK 37
TgThil-4 KS|CCIPSTAARN|C|[YNV|ICIR-FPGT-PRPV|CIAAT|IC|IGICIKIITGTK|C|[PPDYPK 37
TgThid-1 KS£PSTAAKY£YNA£R—LPGRPETIEAARS_GE‘KIISSGNLEPPGYEN 37

FIGURE 10.1 Sequences of thionins from monocotyledonous plants.
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Position: 1 10 20 30 40

Pyrularia Toxin KSCCRNTWARNCYNVC-RLPGTISREICAKKCDEKIISGTTCPSDYPK 47
Thilval KIICCIRAPAGEKIKI|CIYNL|C|-TALL - 8SSET|CIANT|CIYICIKDVSGET|CIPADYPA 48
Thilva2 KSICCIRNTTGRNI|CIYNAIC|-RVPG-TPRPV|ICIANT|C|IDICIKIISGSK|CIPADYPR 43
Viscotoxin A2 KSICCIPNTTGRNIYNT|ICI-RFGGG~SREV|ICASLSG|ICIKIISAST|C[PSDYPK 49
Viscotoxin A3 KSICCIPNTTGRNIYNAICI-RLTGA-PRPT|ICAKLSGICIKIISGST TCIPSDYPK 50, 51
Viscotoxin B KSICCIPNTTGRNIYNT|CI-RLGGG-SRER|CIASLSGICIKIISAST|ICIPSDYPK 51, 52
Viscotoxin 1-PS KS|ICCIPNTTGRNIYNT|ICI-RFGGG-SREV|CIARISGICIKIISAST|CIPSDYPK 53
Phoratoxin A KSICOHPTTTARNIVYNTICI-RFGGG-SRPVICIAKLSGICGKITIISGTK|CIDSGWNH 54
Phoratoxin B KSICCIPTTTARNIYNTICI-RFGGG-SRPI|ICAKLSGICIKIISGT TEK|CIDSGWNH 55
Ligatoxin KSICCIPSTTARNIYNT|ICI-RLTGT-SRPT|ICIASLSGICIKIISGSTICIDSGWNH 56
Denclatoxin B KSICCIPTTAARNGYNIICI-RLPGT-PRPVICAALSGICIKIISGTG|CiIPPGYRH 57
Crambin 1 TTICCIPSIVARSNFNV|CI-RLPG -PEAL|ICATYTGICIIIIPGAT|ICIPGDYAN 58, 59
Crambin 2 TTICCIPSIVARSNFNV|CI-RLPGT-SEATIICATYTGICIIIIPGATCIPGDYAN 58, 59
THI2.1 KIICCIPSNQARNGYSV|CI-RIRF--SKGR|CIMOQVSGICICNS --DT|ICIPRGWVN 60
THI2.2 KIICCIPTKDDRSVYFV|C|-MLSV-SSQQFY|CILLKSK|ICIKNTSQTIICIPPGYTN 60
Rs-thionin KV_C_EPSKEARLAFYV_C_NRTKAT-——ATCAQLNGCIIV E’I‘I_SPSGY 61

FIGURE 10.2 Sequences of thionins from dicotyledonous plants.
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residues, and their transcripts have been found in seeds only. Recently, Schaller et
al.”? have also isolated further viscotoxin variants from the leaves of V. album
subspecies. Their sequences have not been reported yet, but they are probably
different from the eight-cysteine viscotoxins reported by Schrader-Fischer and Apel*®
whose transcripts were found in seeds.

Several thionins with six cysteine residues have been described from species of
the family Brassicaceae (Figure 10.2). These include crambin, with six cysteine
residues from the seeds of Crambe abyssinica.” Crambin is neutral and has no
known toxic activities.”*” As has been found for other thionins, crambin has been
shown to be actually a mixture of two different isoforms.”® Schrader-Fischer and
Apel’ found, in addition to crambin, several novel and highly variable thionins in
Crambe abyssinica using a PCR-based approach. A thionin from radish was found
to have weak antimicrobial activity.®' The sequences from two different thionins of
Arabidopsis thaliana have been deduced from cDNA clones.®

Another thionin has been isolated from Pyrularia pubera.*’ Again, preliminary
results*’ indicate that this plant also most likely contains additional thionin variants
in other tissues. In addition, Daley and Theriot”” demonstrated the existence of
proteins with characteristics similar to thionins in tomato (Lycopersicum esculentum,
Fam. Solanaceae), mango (Mangifera indica, Fam. Anacardiaceae), papaya (Carica
papaya, Fam. Caricaceae), and walnut (Juglans regia, Fam. Juglandaceae), but their
sequences have not been determined. At the moment, it is not known if all plants
contain thionin genes or if their appearance in the plant kingdom is only sporadic.

Thionins were classified as five different types by Garcia-Olmedo et al.' They
considered endosperm thionins and barley leaf thionins as different types. These are
now combined into one class together with Pyrularia thionin. Based on the number
of cysteine residues and the pattern of disulfide bridges, thionins are now grouped
in the following classes:”

* Class I: Thionins with eight cysteines as in purothionins and hordothion-
ins, barley leaf thionins, and Pyrularia thionin.

* Class II: Without cysteines no. 3 and 6, for instance crambin and vis-
cotoxins from leaves.

* Class III: Without cysteines no. 2 and 8, originally described as type V.3334

* Class IV: Without cysteine no. 2. New cysteine between no. 4 and 5.
Thionin 4-1 from Tulipa.’”

10.3 STRUCTURE OF THIONINS

The three-dimensional structure of crambin has been determined in detail (e.g., see
references 79 through 82) because it can easily be crystallized.”®# Crambin has thus
become a model for studying the three-dimensional structure of proteins. Subse-
quently, similar studies have also been undertaken with several other thionins:
purothionins (e.g., see references 84 through 87), hordothionin,3¥%° viscotoxins 32091
and phoratoxin (e.g., see reference 92). In all cases a compact L-shaped structure
has been revealed which is stabilized by three or four disulfide bridges.?*°-% The
long arm of the L is formed by two a-helices, and the short arm by two short
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antiparallel B-sheets. The last, approximately 10 amino acids form a loop-like struc-
ture which is partly locked through a disulfide bridge between Cys3 and the last
cysteine residue. Thionins are amphipathic; hydrophobic residues are mainly located
at the outer surface of the long arm of the L, whereas hydrophilic residues are found
primarily at the inner surface of the L and at the outer surface of the corner of the L.

Recent studies have indicated a possible phospholipid binding site in thion-
ins.86:87.92 Interaction of crambin, phoratoxin, and purothionins with phospholipids
has been directly demonstrated by NMR experiments.®> Furthermore, both phosphate
and glycerol, as well as acetate, were found in purothionin structures. Phosphate and
acetate were not used in the crystallization medium, but had been used during puri-
fication of the proteins. The phosphate ion must be bound very tightly to survive the
purification procedure. Addition of phosphate also enhanced the crystallization of [3-
purothionin.® The phosphate ion is bound through Lys1 and Pro44 in purothionins®$’
and through Lys1 and Argl0 in Phoratoxin-A.%? Binding of the phosphate ion stabi-
lizes dimer formation, perhaps also in solution.”? Glycerol is bound through Ser2,
Tyr13, Argl7, and GIn22/Lys45 in o,-/B-purothionin.8¢87 Together these results pro-
vide a link between the structure of the thionins and their toxicity.

10.4 TOXICITY

A variety of toxic activities have been described for most thionins. Soon after the
first isolation of purothionin from wheat flour, its toxic effects against yeast,?
bacteria and fungi,’® and mammals®” were discovered. The latter authors also showed
that purothionin was toxic to mammals only when injected intraperitoneally or
intravenously but had no effect when eaten. Viscotoxins are also only toxic if
administered intraperitoneally or intravenously but are not toxic when eaten.’® Sim-
ilar effects on mammals have since been reported for other thionins.?!% The LD,
for intraperitoneal application of thionins is in the range of 1 to 10 mg per kg body
weight. Several endosperm thionins have also been shown to be toxic to insects.!%!

Toxicity against yeasts®®102-1% and bacteria!7-9610219-113 and fungi other than
yeasts!7:61L110.112-116 jg wel] documented. In addition to these effects on whole organ-
isms, several reports describe toxic activities of thionins on cultured cells which
result in leakage of cytoplasmic ions and enzymes.*”:63-100.17-119 Hempolytic activity
of thionins has also been reported.3120

The common denominator for the toxic effects of thionins in vivo seems to be
a destruction of membranes. Several reports have demonstrated a leakage of low-
molecular-weight compounds and ions from different cells following treatment with
thionins.6>106.117.121 Formation of pores in the cytoplasmic membrane has been
observed, and thionins have been proposed to display homology to the cysteine-rich
domain of mammalian pore-forming proteins.'?> However, this homology does not
include the first two cysteine residues and the first tyrosine residue of the thionins,
which are important for function.'® Membrane permeability following thionin treat-
ment has also been studied by preloading the cells with nonmetabolizable com-
pounds. 8Rb* was used with hamster BHK-21 cells® and “C-isoaminobutyric was
used with Neurospora crassa.'?' An efflux of phosphate ions!% can result in ATP
hydrolysis.!?3 Depletion of ATP results in cell death and can be used to measure the
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toxicity of thionins.!>* However, Vernon and Rogers'> have shown that hemolytic
activity of Pyrularia thionin is stimulated by phosphate ions. An influx of Ca?* has
been observed'?!12¢ and could play a role in the toxicity of thionins against filamen-
tous fungi which extend by tip growth. This process is thought to be regulated by
Ca? ions'?” and would obviously be disturbed by toxins such as thionins which
disturb the permeability of the membrane for Ca?* ions. Whether or not a binding
of thionins to calmodulin which has been described in vitro,'?® plays any role in
toxicity, is still unknown.

Two mechanisms have been proposed as possible explanations for the Iytic effect
of thionins on membranes. The amphipathic structure of the thionins indicates that
the toxicity might be exerted by a direct, detergent-like interaction with the lipid
bilayers of biological membranes. The hydrophobic face of the thionins could
interact with the hydrophobic aliphatic chains of the membrane lipids, while the
positively charged basic amino acids could interact with the negatively charged
phosphate groups of the phospholipids. These intermolecular salt bridges cannot be
formed by crambin, which has only two basic residues (Argl0 and Argl7), both of
which are blocked through intramolecular bonds.?* This might explain that up to
now no toxic activities have been found for this thionin.

Recent work on Pyrularia thionin (reviewed in reference 129) led Vernon and
co-workers to propose a different model, which includes the specific binding to a
membrane receptor, after showing that Pyrularia thionin has specific binding sites
on the surface of erythrocytes. The receptor is probably a specific phospholipid.!?>:!30
This model is further substantiated by recent findings of a putative phospholipid
binding site in the three-dimensional structure of purothionins.?*#” Furthermore, as
has been discussed before, endosperm thionins can be isolated as lipid—protein
complexes,?>¥131.132 jndicating a tight binding to lipids. The binding site for Pyru-
laria thionin seems to be the same as those of the cardiotoxins, small (about 60
amino acids), basic proteins with eight cysteine residues, from the venoms of cobras
and related snakes.!3*!3* Todinated Pyrularia thionin, which is no longer toxic,!'?
competitively inhibits hemolysis both by the native Pyrularia thionin and by car-
diotoxin, whereas the hemolytic activity of melittin from bee venom was not inhib-
ited.!® In addition, both toxins are inhibited by extracellular calcium ions and are
stimulated by external phosphate ions.'” That higher concentrations (5 mM) of
calcium ions and other divalent metal ions can abolish the toxic activity of thionins
has been known for quite some time.!% The binding of Pyrularia thionin to the
membrane leads to the stimulation of an internal phospholipase, probably PLA,.7>126
Pyrularia thionin itself has no phospholipase activity.”>!?® This has also been dem-
onstrated for cardiotoxins,'*® but snake venom contains, in addition, phospholipases
which might act synergistically with the cardiotoxins.'?” Such a synergistic effect
has also been demonstrated for viscotoxin B and phospholipase A.%® Other effects
mediated by Pyrularia thionin on different mammalian cell cultures have been
described and can also be related to the membrane-destructive action of this thionin.
Shaw et al.!"® presented evidence that the cytotoxic effect of Pyrularia thionin on
spleen lymphocytes and hepatocytes from rats may be mediated by the activation
of phospholipase A, and a subsequent influx of calcium ions. In mouse P388 cell,
the concentration of cytosolic calcium ions also increased after application of Pyru-
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laria thionin,'?® and an endogenous phospholipase A, was also activated in NIH 3T3
cells.” In S49 lymphoma cells, Pyrularia thionin enhanced adenylate cyclase activ-
ity.!3® Adenylate cyclase plays an important role in signal transduction pathways of
mammalian cells by catalyzing the formation of the second messenger cAMP from
ATP, but Huang et al.'3® concluded that Pyrularia thionin had only an indirect effect
on adenylate cyclase through its membrane activity. Taken together, there is good
evidence that the mechanism by which Pyrularia thionin exerts its toxicity starts
with the binding to a membrane receptor, probably a specific phospholipid, and that
cardiotoxins use a similar mechanism involving the same receptor.

The tyrosine residue in position 13 not only seems to be crucial for the toxicity
of the Pyrularia thionin based on the iodination studies, but also for the other toxic
thionins as well since this residue and the region around it (positions 10 through
14) are conserved in all toxic thionins (see Figures 10.1 and 10.2). The importance
of the tyrosine residue in purothionin has been demonstrated — also using iodination
— by Wada et al.,'® supporting the model of Vernon and co-workers of specific
binding sites on the membrane for Pyrularia thionin and perhaps for other thionins.
Recent improvements in the three-dimensional structure of purothionins also indicate
that Tyr13 is probably part of a phospholipid binding site.?*#” In a simple detergent-
like interaction, the crucial role for this tyrosine residue would be hard to imagine.
However, crambin, which has no known toxic activities, has also been shown to
bind phospholipids.”? On the other hand, all toxic thionins have a conserved basic
nature and amphipathic structure, which suggests that the second step after the
specific binding might still be a detergent-like interaction leading to the destruction
of membranes and all of the well-known effects of the toxic thionins. The recently
reported production of recombinant crambin!* opens the way to further study of
structure—function relationship using mutated proteins. Another approach for such
studies would be to chemically synthesize thionins and test their activity, as has been
demonstrated by Rao et al.'* for a-hordothionin.

10.5 FUNCTION

The biological function of thionins has been discussed for a long time. In addition
to the toxic effects on cells and whole organisms, several inhibitory effects on in
vitro systems have been reported. Purothionin can be reduced by the thioredoxin
system of wheat seeds and can in turn activate fructose-1,6-biphosphatase or inhibit
ribonucleotide reductase.!*!1¥> Similar redox reactions have also been demonstrated
for the interaction of thionins with the reporter enzymes B-glucuronidase and neo-
mycin phosphotransferase in vitro and in transiently transformed tobacco proto-
plasts.!#3-14¢ Viscotoxins can bind to DNA and protect it against thermal denatur-
ation.' Thionins have also been shown to inhibit cell-free protein synthesis. 43149
However, many reports on in vitro effects did not take into account that plant cells
are highly compartmentalized and that components which can be easily brought
together in vitro are separated in vivo. Thus, care should be taken in deducing a
biological function from in vitro effects.

One short report claims that purothionin has a-amylase-inhibiting activity,'>° but
the inhibition was only partial. To my knowledge, a thorough investigation of
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possible enzyme-inhibiting activities of thionins has not been done. Different fam-
ilies of enzyme inhibitors are, similar to thionins, rather small proteins with several
disulfide bridges and pronounced stability.'>! Furthermore, some thionin genes have
been shown to be inducible by methyl jasmonate.®%!>2 Jasmonate is involved in the
induction of proteinase inhibitors in tomato'>® and other species. Therefore, an
enzyme-inhibitory function of at least certain thionins cannot be excluded. Members
with a-amylase inhibitory activities have been found in the plant defensin family!>*
and among lipid transfer proteins,'>> while the majority of proteins in both families
has in vitro antimicrobial activity.

Work by Schrader-Fischer and Apel'® has demonstrated a decomposition of
viscotoxins in senescent mistletoe leaves. This indicates that the plant might be
reutilizing the sulfur of the thionins, although it does not prove a primary function
of viscotoxins as storage proteins. A storage protein function, especially for sulfur,
might also be envisaged for the seed thionin crambin which has no known toxic
activities.”’> However, its nitrogen content is lower than that of the basic and toxic
thionins. These apparent contradictions could be resolved by considering that many
proteins might have dual functions. This might also apply for many seed-borne
enzyme inhibitors and for thionins.!%’

A report by Fernandez de Caleya et al.!'® pointed in another direction. The
authors found that purothionins are toxic to phytopathogenic bacteria. Subsequently,
thionins from the leaves or the endosperm of barley have also been shown to be
toxic to plant pathogenic bacteria and fungi.'””!!! Furthermore, it has been shown
that expression of a hordothionin in transgenic tobacco plants can lead to enhanced
resistance against a phytopathogenic bacterium.!>® However, in similar experiments,
Florack et al.'* did not find enhanced resistance in transgenic tobacco lines express-
ing a synthetic a-hordothionin. Maddox et al.'®® have expressed o-hordothionin in
transgenic tobacco as well, but nothing has been reported yet about the resistance
of these plants. The overexpression of the barley leaf thionin DB4 in transgenic
tobacco plants also did not give enhanced resistance (Mollenhauer and Apel, unpub-
lished results). However, other work on barley leaf thionins supports a role for
thionins in plant defense and will be discussed later. Recently, Arabidopsis has been
used as an experimental system. High-level expression of a viscotoxin and over-
expression of the endogenous Arabidopsis thionins resulted in significantly enhanced
resistance against Plasmodiophora brassicae and Fusarium oxysporum f sp matthi-
olae,'®! respectively. This and other work on Arabidopsis thionins strongly supports
the view that thionins are defense proteins and will also be discussed separately.

10.6 PROCESSING AND LOCALIZATION

Thionins have been isolated as the 5 kD mature proteins from different plant species
but are synthesized as much larger precursors.!®? Cloning of different thionin cDNAs
(as well as genomic clones) confirmed the original observation and revealed that
these mature thionins are first synthesized as preproproteins (Figure 10.3). All
precursors have a typical N-terminal signal sequence with a conserved signal
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sequence cleavage site!®® which directs the proprotein into the endoplasmic reticulum
(ER). The proprotein consists of the thionin itself and a C-terminal acidic domain.

Thionins have been demonstrated in cell walls, vacuoles, and protein bodies.
Barley leaf thionins are found in the vacuole and the cell wall,!'#!6* and hordothionins
are localized in the periphery of protein bodies.!3>!9 Viscotoxins have been detected
in protein storage vacuoles in the leaves.*® The localization of viscotoxins in seeds
is not totally clear. There, viscotoxins were detected in protein storage vacuoles but
also to a large extent in the cytoplasm. It is not known whether the latter were
sequestered in the ER.*® How the plant protects itself from the thionins in these
compartments is not known. One possibility is that the thionins are complexed by
other cellular compounds. Endosperm thionins, for instance, have repeatedly been
isolated as lipid—protein complexes.?>3%131:132 These lipid-thionin complexes, how-
ever, also could be an artifact due to the isolation procedure. On the other hand,
studies of the three-dimensional structure (see above) of different thionins have
revealed that they most likely contain a phospholipid binding site,?872 and a
reduction of the antimicrobial activity of purothionin by phospholipids has been
demonstrated.!%2

The acidic domains have six cysteine residues (Figure 10.3) which are highly
conserved, as are the cysteine residues in the thionin, and are mostly acidic (as the
name says). An exception are the acidic domains deduced from the 7ulipa thionin
precursors which have only three cysteine residues.’” In the case of the neutral
crambin, the acidic domain too is neutral.”® This has also been observed for the class
IIT endosperm thionins.?*** A protein corresponding to the acidic domain has, to my
knowledge, never been isolated from plants. To date, there is no experimental
information available about possible functions of the acidic domain, but it is clearly
not dispensable, as shown by the high conservation of the cysteine residues, even
in the case of viscotoxin precursors which have several deletions in the acidic
domain.>! Furthermore, Florack et al.!>® found that expression of a-hordothionin in
transgenic tobacco plants without the acidic domain resulted in significantly lower
levels of the mature thionin.

One possible function might be that the acidic domain contains information to
guide the thionin through the secretory pathway to its final destination. Furthermore,
the acidic domain might function as an intramolecular chaperone to assist in the
folding of the thionin. Such a function has been demonstrated for the bovine pan-
creatic trypsin inhibitor, which is synthesized with a 13 amino acid pro region. This
pro region contains a cysteine residue and has been shown to facilitate proper folding
of the mature protein in vitro.'® Another function of the acidic domain might be to
neutralize the basic thionin and thereby protect the cell against its own toxin. A
toxic effect of barley leaf thionins has been demonstrated against tobacco
protoplasts'® and against barley protoplasts.'é” Several other small, basic, cysteine-
rich polypeptides with antimicrobial activities are also synthesized as preproproteins
with acidic domains. Defensins from mammals and insects, for example, have an
acidic domain between the signal sequence and the mature defensin.!®16> A plant
defensin from tobacco,!” originally described as a thionin, is also produced with a
C-terminal acidic domain, but this domain has no cysteine residues. Not much is
known to date about the final processing of the thionin proprotein and about what

© 1999 by CRC Press LLC



happens to the acidic domain. As a first step in studying this process, Romero et
al.!”! have recently isolated a proteinase from barley which was able to process in
vitro synthesized thionin precursors.

10.7 BARLEY LEAF THIONINS

Experimental evidence which has been obtained for barley leaf thionins supports
the view of thionins being defense proteins. Cultivated barley (Hordeum vulgare L.)
and also many wild Hordeum species contain a large multigene family of closely
related genes for leaf thionins336114172173 in addition to a small gene family for
endosperm specific hordothionins.3' Mature leaf thionins have been found in the
vacuole'® and in the cell wall!'# of barley leafs. Especially high concentrations of
leaf thionins are present in the outer cell walls of epidermal cells,'”* which is in
agreement with a defense function against pathogens.

A prominent feature of leaf thionin genes in barley is their light responsiveness.
Etiolated barley seedlings have a very high level of leaf thionin transcripts, which
drops drastically after illumination, probably mediated by two photoreceptors, phy-
tochrome and a blue-light-absorbing photoreceptor.'”* Blue light leads to a much
stronger decline of thionin mRNAs compared to the red-light effect, but only at high
light intensities. Such high light intensities are not reached under normal light
conditions in the meristematic zone at the leaf basis, which is covered by the sheath
of the preceding leaves. Thionin synthesis is therefore possible in these young
developing cells, and since thionins are very stable,*’%® their concentration declines
only slowly once these cells are no longer shaded by the leaf sheath but exposed to
full light, which leads to a drastic decline in the thionin mRNA level. This expression
of barley leaf thionin genes is not influenced by the plastid compartment'”> but is
under circadian regulation'’® with maximal mRNA levels during the dark period.
Thus, barley seedlings growing in a day/night cycle can accumulate a basic level of
thionins.

Barley leaf thionins and hordothionins have repeatedly been shown to have
antimicrobial activities in vitro against different phytopathogenic bacteria and
fungi.!!-114116 This in vitro toxicity and the cellular distribution of barley leaf thionins
suggested a role in plant defense. Abiotic and biotic inducers have therefore been
tested for effectiveness in leaf thionins. Indeed, this has been demonstrated for
different chemical inducers: heavy metals,'”” jasmonic acid,'>? and 2,6-dichloroisoni-
cotinic acid (INA).!”® Conflicting reports are available for salicylic acid. Kogel et
al.'” reported an induction by salicylate, whereas Garcia-Olmedo et al.!” found no
induction by salicylate. All of these inducers have been shown to activate defense
reactions in other plant species.>!3-18% Work by Andresen et al.'>? has revealed that
leaf thionins are identical with the so-called JIP6, a 6 kD jasmonate-inducible protein
described by Weidhase et al.'3* While it has been shown that induction of proteinase
inhibitors in tomato can be induced by volatile methyl jasmonate, much higher
concentrations are needed in barley. This different responsiveness might be due to
an impeded uptake of volatile methyl jasmonate in uninjured barley plants, or
jasmonate might not be the final effector in barley. The jasmonate responsiveness
of leaf thionin genes might also be related to the induction by abscisic acid'”!'®> and
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drought.!” In this regard, it should also be tested if wounding also induces barley
leaf thionin genes.

Fungal and bacterial pathogens of barley have also been shown to be effective
inducers of leaf thionins. Infection by Septoria nodorum results in strong expression
of leaf thionins in barley coleoptiles.!¢!37 Induction of leaf thionin genes was also
demonstrated after inoculation with Rhynchosporium secalis and Pseudomonas
syringae'” and in roots after infection with Drechslera graminea.'® Powdery mildew
infection of barley leaves leads to a transient rise in the leaf thionin transcript level.
The maximum of the leaf thionin transcript level was found at 44 h after inoculation
in the cultivar “Emir,” with both a virulent and an avirulent powdery mildew race.!!4
In the cultivars “Midas,” “Pallas,” and “Siri,” which all carry the Mla6 resistance
gene, different maxima of the leaf thionin transcript level were observed.!3%!1%0 A
first maximum was found at about 6 hours after inoculation in the cultivar “Midas,”%°
but at about 12 hours in the cultivars “Pallas” and “Siri.”!% The reason for these
differences is not known. The accumulation of thionins after mildew infection was
also investigated by immunogold labeling using an antibody obtained against a fusion
protein of B-galactosidase and the leaf thionin precursor DB4.% Resistance against
powdery mildew infection can result from the ability of epidermal cells to produce
cell wall appositions (papillae) at the point of invasion.’> After inoculation with the
mildew race C17, leaf thionins were detected in the papillae of the resistant barley
cultivar “Stamm 41.” The cell wall surrounding the infection site showed normal
levels of thionins. In contrast, thionins could not be detected in papillae of the
susceptible cultivar “Peruvian.” Only reduced levels, compared to cell walls of
uninfected cells, were found in the cell wall surrounding the infection site. Leaves
of the adult-plant resistant cultivar “Osiris” showed a differential response. Primary
leaves are susceptible and had a low thionin level, as in the susceptible cultivar
“Peruvian.” The fifth leaves, on the other hand, are resistant to this powdery mildew
race. Here, thionins were detectable in the papillae just as in the resistant cultivar
“Stamm 41191192 These results demonstrate that thionins are newly synthesized
following powdery mildew infection and incorporated into the papillae. Furthermore,
it has to be concluded from these results that the powdery mildew fungus is able to
protect itself against the leaf thionins in a compatible interaction by somehow
destroying or masking the thionins so that they are no longer recognized by the
antibody. A similar mechanism might also be effective in the interaction with Pyreno-
phora (Drechslera) teres, which is inhibited by barley leaf thionins in vitro''* but is
a pathogen of barley in vivo.

Results similar to those obtained with powdery mildew were also obtained for
Puccinia hordei.'®® Furthermore, cross-reactivity of the antibody against barley leaf
thionin with wheat has been found.!*>1%* However, occurrence of leaf thionins in
wheat as suggested by these reports has not been confirmed yet by isolation and
sequencing of the proteins or by DNA clones. Purothionins have not been detected
in parts of the wheat plant other than the seeds.®

Barley leaf thionins are encoded by a large multigene family with as many as
50 genes.'!™* Leaf thionin genes have been mapped to the Lth Locus at the distal end
of the satellite of chromosome 6.!'419L196.197 A complex leaf thionin multigene family
has also been detected in several other wild barley species. Other species, for instance
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H. bulbosum and H. marinum, had only very few fragments cross-hybridizing on
Southern blots with a barley leaf thionin probe.!”> Whether the latter species have
indeed only very few leaf thionin genes, or whether these genes are so divergent
that they do not hybridize with the cDNA probe from H. vulgare, is currently
unknown. In H. vulgare cv Carina, the known DNA clones®!1419 can be grouped
into two closely related subfamilies with microheterogeneity at the DNA and protein
levels in each subfamily. The cDNA clones which have been isolated from H.
murinum,'’? on the other hand, are much more divergent. Thus, it is possible that
part of the diversity of leaf thionin genes present in certain wild barley species was
lost during breeding of cultivated barley. However, Pecchioni et al.'”® found that the
leaf thionin cDNA DB4% revealed complex hybridization patterns on Southern blots
and polymorphisms among different barley varieties, indicating that there is still a
high diversity for leaf thionin genes in cultivated barley.

Sequencing of H. murinum leaf thionin cDNAs has revealed that the thionin
domain shows a higher variability than the signal sequence or the acidic domain.!”
The same variability has been found for viscotoxins.*® Castagnaro et al.’3 described
a similar phenomenon for a class III endosperm thionin from wheat. However, it
has turned out that in this case very closely related thionins can be found in wheat
and Aegilops.>* The reason for the high variability of the thionin domain could be
a selective pressure from pathogens which try to overcome the toxicity of thionins.
Another example for a polymorphism of polypeptide toxins can be seen in the case
of the cone shell neurotoxins,?® this time as a consequence of the interplay between
predator and prey.

In addition to leaves, where they have originally been discovered,*-¢ leaf thion-
ins are also found in other parts of barley plants. Expression of leaf thionin genes
in coleoptiles after induction by Sepforia nodorum has been described.!®*!87 Stein-
miiller et al.?’! showed that roots of H. vulgare cv Carina have very low levels of
leaf-thionin-related transcripts. Vale et al.'8® reported thionins in roots after infection
with Drechslera graminea. A root-specific cDNA has been isolated from H. murinum
(Bohl and Apel, unpublished results). Thus, leaf thionin genes are expressed in many
parts of barley plants, and the large multigene family could at least in part result
from specialization of single genes for expression in certain tissues or in response
to certain external stimuli, as has been shown for other multigene families.?’?

10.8 ARABIDOPSIS THIONINS

We have recently identified two thionin genes in Arabidopsis thaliana. This opened
the way to use the advantages of Arabidopsis as an experimental system also for
the study of thionins. The two genes were found to be regulated differently.®° The
Thi2.2 gene showed a low constitutive expression in seedlings and rosettes and may
be under circadian regulation. The Thi2.1 gene on the other hand, was found to be
inducible by jasmonate, silver nitrate, and necrotrophic fungi but did not respond to
salicylate or ethephon, indicating a signal transduction pathway different from that
for PR proteins. Expression of the gene in seedlings could not be detected on northern
blots but was very strong in flowers and siliques. Some of the pathogen-inducible
PR proteins have also been shown to be constitutively expressed in tobacco flow-
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ers.?03-206 Other antimicrobial peptides, such as plant defensins, are constitutively
expressed in tobacco flowers!” and Arabidopsis siliques as well 207208

The highest transcript level of the Thi2.1 gene was found after spray inoculation
of seedlings grown on MS agar plates with a spore suspension of Fusarium
oxysporum f sp matthiolae. The ecotype Col-2, which has been used in most expres-
sion studies, was found to be susceptible to this fungal strain. However, it is usually
assumed that defense-related genes are expressed at higher levels in incompatible
interactions compared with compatible interactions. We have therefore tested several
other Arabidopsis ecotypes for their resistance against F. oxysporum f sp matthiolae.
Ecotypes Ws and Ler were also susceptible, but ecotypes Mt-0 and Uk-4 turned out
to be resistant (Epple, Vignutelli, Apel, Bohlmann, manuscript submitted). The
transcript level for the Thi2.1 gene after inoculation was found to correlate with
resistance, being 5 to 10 times higher in the resistant than in the susceptible ecotypes.
This effect was not due to gene amplification as shown by Southern blot analysis.

To further test the possible function of the THI2.1 thionin in resistance against
F. oxysporum f sp matthiolae, transgenic lines of the susceptible ecotype Col-2 were
generated which expressed a high constitutive THI2.1 level.'¢! Several of these lines
showed significantly enhanced resistance against F. oxysporum f sp matthiolae.
Similar results were also obtained with transgenic lines over-expressing the THI2.2
thionin. First, the transgenic lines had less loss of chlorophyll after inoculation.
Second, the transgenic seedlings supported much less fungal growth on the cotyle-
dons as shown by directly staining fungal hyphae. In addition, fungal hyphae growing
on the transgenic lines often showed a hyperbranching effect which was never found
on the susceptible ecotype Col-2. As has been discussed before, fungal hyphae
extend by tip growth, a process which is thought to be regulated by Ca?* ions.!?7 It
is evident that this mechanism would be disturbed by toxins such as thionins, which
alter the permeability of the membrane for Ca?* ions. Similar effects on fungal
growth have been reported for certain fungicides?®2!° and for plant defensins in
vitro.'¥115 Recently, such an effect has also been demonstrated for Fusarium cul-
morum treated in vitro with a purified thionin from radish tubers.6!

Induction of the Thi2.1 gene by Mel indicated that the Thi2./ gene might be
regulated via the octadecanoid pathway, which has been intensively studied for the
regulation of vegetative storage proteins of soybean?'! and for the induction of
proteinase inhibitors of potato and tomato.!>!53 Further analysis of transgenic Thi2.1
promoter-uidA seedlings showed that the promoter is also inducible by wounding,
both locally and systemically. Such an induction pattern is also produced if F.
oxysporum t sp matthiolae spores are inoculated as a single drop on a cotyledon
(Vignutelli, Wasternack, Apel, Bohlmann, manuscript submitted). The systemic
induction in all cases is strongest in the apical meristem and the youngest leaves.
This would protect the most valuable parts of the young plants against further
infections, again supporting the view that thionins are defense proteins.

In conclusion, our work has provided strong evidence for a role of the thionin
genes Thi2.1 and Thi2.2 in the resistance of Arabidopsis. In the case of the Thi2.1
gene, the systemic induction might be regulated via the octadecanoid pathway,
perhaps coordinately with genes for other antimicrobial peptides such as plant
defensins.®20729%8 One might speculate that at least in Arabidopsis, the salicylate-
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dependent SAR pathway, which regulates the synthesis of PR proteins, controls
mainly biotrophic fungi, while a jasmonate-dependent pathway for antimicrobial
peptides is also needed for resistance against necrotrophic fungi.

10.9 GENETIC ENGINEERING

During the past several years, strong evidence has been obtained for a resistance
function of at least some thionins. As discussed before, overexpression of different
thionins has resulted in enhanced resistance against bacterial and fungal pathogens.
So far, however, no protection of economically important crop plants has been
reported. To achieve this, it may be necessary to express combinations of antimi-
crobial peptides, for instance thionins and plant defensins which exert their activity
via different toxic mechanisms.!?! Similar effects have also been found by com-
bining chitinases and glucanases.?'? Instead of introducing different artificial genes
into different crop plants, enhanced resistance has also been achieved by inducing
the plant’s own defenses with chemicals such as INA'" or benzothiadiazole
(BTH).2"3 Tt is thought that these chemicals induce SAR via the production of PR
proteins. However, resistance induced by BTH, for instance, is not effective against
necrotrophic pathogens such as Alternaria alternata and Botrytis cinerea.?' It is
tempting to speculate that the salicylate-dependent SAR pathway, which leads to
the expression of PR-proteins, controls mainly biotrophic pathogens, but that a
jasmonate-dependent pathway for antimicrobial peptides is needed in addition for
resistance against necrotrophic pathogens.!'¢297 In line with this, MeJ has been
shown to induce resistance against different fungal pathogens in several plant
species,?'*216 but the resistance mechanism is not known in any of these cases. It
might therefore be interesting to look for chemicals which could induce this
jasmonate-dependent pathway, and therefore the expression of antimicrobial pep-
tides, without inducing the negative effects, such as growth inhibition or senes-
cence, that are a consequence of jasmonate treatments.
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11.1 INTRODUCTION

Ribosome-inactivating proteins (RIPs) are a widely distributed group of N-glycolytic
enzymes that modify ribosomes by cleaving a specific adenine residue in a highly
conserved sequence of 28S rRNA (Figure 11.1; references 1 and 2). This irreversible
modification makes the ribosome unable to bind elongation factor 1a and therefore
blocks translation. Many structurally and functionally related RIPs from plants and
bacteria exhibit specific phylogenetic activity.> Thus, some RIPs inactivate host
conspecific ribosomes, while others exhibit toxicity toward ribosomes from distantly
related species, including animals and fungi.*> In cases where a RIP may inactivate
conspecific ribosomes, the protein is usually synthesized as an inactive precursor or
is targeted out of the cytoplasm, usually extracellularly. Because of their potential
toxicities, two major functions are postulated for RIPs. First, RIPs which inactivate
conspecific ribosomes may function as inducible or developmentally programmed
suicide genes. Second, RIPs which inactivate phylogenetically distant ribosomes
may have defensive functions in protecting plants from herbivores or pathogens.
The potential utility of either role has led to work to elucidate their function and to
exploit their varied toxicities. Thus, work has been done on the potential of RIPs to
increase the protection of plants against pathogens.® Similarly, RIPs have been
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FIGURE 11.1 RIP, Ricin, and a-Sarcin inactivate ribosomes by specific cleavage of 28S
rRNA. Ricin A-chain and many Type-1 RIPs act on eukaryotic ribosomes by hydrolytic
cleavage of the N-glycosidic bond at residue A-4324 of the 28S rRNA, located close to the
site of action of a-Sarcin from Aspergillus giganteus.

clinically assessed as anti-HIV agents in AIDS patients® and as toxic components
of immunotoxins targeted at malignant cells.!%!!

11.2 STRUCTURAL CLASSIFICATION OF RIPs

Since the isolation and characterization of ricin by Lord and co-workers,'*!* many
structurally and functionally related RIPs have been identified in a variety of plant
species. On the basis of structural diversity, plant RIPs have been classified into two
or more major groups.'*!> Type-I RIPs, the most numerous group containing
pokeweed antiviral protein (PAP), trichosmythin, barley RIP 30, and gelonin, are all
synthesized as single-chain enzymes of about 30kD.!°® These may accumulate in
starchy endosperm storage cells (RIP 30),' or be secreted from vegetative or seed
cells (PAP).” In contrast, trichosanthin and a-trichosanthin accumulate in root cells.!”

Type-II RIPs, such as prototypical ricin from castor bean endosperm, are syn-
thesized as larger precursors which accumulate in protein bodies and are processed
to a 30kD, RIP A-chain linked to a 30kD lectin B-chain through a single disulfide
bond.?’ Upon maturation, the ricin C-terminal B-chain acts as a galactose-specific
lectin, which facilitates uptake by cells displaying galactose on their surfaces, of the
toxic A-chain, thereby causing cell death.?! Similarly to Type-I RIPs, Type-1I RIPs
are also found in seed, vegetative cells, and in roots.> Type-I RIPs, which do not
possess the B-chain binding domain, do not bind readily to cells and consequently
have a relatively low mammalian cytotoxicity compared to Type-II RIPs.* However,
Type-1 RIPs can enter cells by fluid-phase endocytosis.*

Recently, a third RIP type has been characterized which apparently contains two
cytoplasmically localized but quite different members from maize and barley.?>2°
The maize Type-III RIP accumulates in the kernel as a 34 kD inactive precursor
which, upon germination, may be processed into a two-chain, active RIP by removal
of an internal peptide from within the catalytic domain.?? Similarly, the barley JIP60
protein, which has been shown to possess ribosome inactivating activity, is synthe-
sized as a precursor that requires removal of a similar peptide for activation.?* A
primary distinction between Type-III and Types-I or -II RIPs is therefore that the
former require removal of a peptide from the catalytic domain for activation.! JIP60,
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however, possesses a large C-terminal domain of unknown function which apparently
also must be processed and/or removed for activation.?*

The sequence similarities between RIP catalytic RNA-N-glycosidase domains
are remarkably high. This is not only recognized by the alignment of the primary
sequences but also reflected in the superimposition of three-dimensional model
structures based on the known 3D structures. Interestingly, all RIPs share conserved
3D structures of the active cleft centered around the conserved catalytic amino acid
residue E,;,; (numbering according to Ricin A) along with the invariant Yy, Y3,
and W,,,, which have been shown to be essential for substrate binding (see also the
star in Figure 11.2).26 Although RIPs from monocotyledonous species (barley, wheat,
and maize) share a high similarity to all the other RIPs, as outlined in a Pileup
(Figure 11.2), they seem to form a distinct group which diversified significantly
earlier during evolution. Furthermore, until now it is only within this group of species
that the distinct, Type-III RIPs have been identified.

Different RIPs have been isolated from many different plant species covering
13 families, including both monocotyledons and dicotyledons. RIP-producing plants
are diverse, being found in crop plants including cereals, tropical trees, desert
succulents, spring annuals, and weeds. Some families contain many RIP-producing
members, and RIPs are frequently produced in amounts up to 10% of total, specific
tissue protein, which may be far in excess of the amounts required to inhibit protein
synthesis. RIPs have been detected in most plant organs and tissues including
endosperm, fruit, roots, leaves, bark, and latex.> Most RIPs show developmentally
regulated, organ-specific expression. However, several examples are known of induc-
ibly expressed RIPs, including the jasmonate responsive JIP60 of barley and the
beetins which are induced by viral infection and show responsiveness to salicylic
acid and hydrogen peroxide.?*?’

11.3 PHYSIOLOGICAL ROLES AND REGULATION
OF RIPs

As noted in the Introduction, the potential toxicities of RIPs may be compatible with
their having at least two physiological roles in plants: defense against pathogens
and/or mediation of inducible or developmentally programmed suicide (programmed
cell death, PCD).?® Evidence for either role is partial and controversial at best. For
example, although expression of Type-I RIP transgenes in plants has been shown to
increase antiviral and antifungal protection, there is no direct evidence that this is
their normal physiological role. Thus, several plants which express high levels of
Type-I RIPs, that as transgenes increase the protection of other plants to pathogens,
are themselves susceptible to virus infection. The endogenous, antiviral activity of
these RIPs is therefore difficult to determine biochemically or molecularly.” For the
very toxic Type-II lectins, such as ricin and abrin, which are found in large amounts
in the endosperm, protective roles in deterring foraging birds and insects from eating
the seeds have been postulated but not proven.?

The only evidence suggesting that most RIPs have roles in suicide are correlative:
most organs which accumulate high levels of RIPs are either storage organs which
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FIGURE 11.2 Phylogram derived from a Pileup comparison of RIP catalytic domain sequences. The RIP pileup is based on nonredundant and annotated
Swiss-Prot (Release: 34) and GenBank (Update:103.0) accessions and use of the GCG (Ver.9.1) Software Package. No partial peptide sequences and
only a single representative of known RIP isoforms are included. The accessions are (from top): RIP30: P22244; Tritin: D13795; B-32 protein: P25892;
RIP 2: L26305; JIP60: X66376; B-Luffin: P22851; a-Luffin: Q00465; a-Momorcharin: P16094; a-Trichosanthin: P09989; Momordin II: P29339; Ricin
A: A24041; Abrin A: S16022; Negrin B: U41299; Gelonin: P33186; IrisRIP: U78039; MAP: P21326; Amarandin-S: U70215; Saporin-6: P20656;
Dianthin 30: P24476; PAP-C: P10297; PAP-S: P23339; PAP-a: Q03464; Antiviral protein: X96474; Betavulgin: X85967; Shiga Toxin A: P10149. The
star indicates RIPs for which a three-dimensional structure has been determined. The RIP type (I, I, or III) for each accession is also indicated.
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do not develop further, or organs which senesce rapidly. For example, the barley
seed RIP 30, which accumulates to high levels in endosperm storage cells late in
embryo development, could be involved in the programmed senescence of this
storage organ at seed maturity.!® Likewise, the vegetatively expressed, jasmonate-
responsive JIP60 protein, which apparently is not secreted and accumulates in the
cytosol, could have a role in the induction of leaf senescence by inhibiting conspecific
translation after the protein has been processed into an active RIP.>* The expression
and presumed proteolytic activation of the JIP60 precursor accompanies the devel-
opment of these senescence symptoms shown in Figure 11.3. However, neither JIP60
nor RIP 30 inhibit conspecific ribosomes in vitro, and if they do mediate barley
PCD, they might do so only at high cellular concentrations. Therefore, there is no
direct evidence linking the expression of most active RIPs with developmentally
programmed or inducible plant PCD. However, as outlined below, there is good
evidence that the pokeweed RIP, PAP, may function as a specialized suicide factor.

11.4 ROLE OF RIPs IN PLANT-VIRAL INTERACTIONS

Single chain RIPs, such as pokeweed antiviral protein, PAP, have been shown to
possess antiviral activities toward viruses of both plant and animal origin.”3® Three
distinct isoforms of PAP accumulate in the cell wall matrix of leaves and seeds and

H,0 JA

FIGURE 11.3 Effect of methyl jasmonate on barley leaf segments. The phytohormone
methyl jasmonate (5 M) induces senescence symptoms in barley leaf segments over a period
of 24 h. During this time, the Type-III RIP, JIP60, accumulates. It is unclear whether JIP60,
induced under this artificial senescence, is ectopically expressed, or whether its accumulation
reflects a role for the protein in defense, programmed cell death, or another physiological
response.
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can readily be obtained from water-macerated leaf tissue. Exogenous application of
small amounts of PAP to the surface of plant leaves completely prevents mechanical
transmission of unrelated viruses to several different host plants.?! More important,
expression of a PAP cDNA in transgenic tobacco and potato plants, which are thought
to lack endogenous RIPs, showed resistance to a range of viruses.” In contrast to
exogenously applied PAP, resistance was effective against both mechanical and aphid
transmission of several potato viruses. However, the transgenic plants grew poorly
and showed mottled and stunted phenotypes making them less useful for agricultural
exploitation. Although the mechanisms of PAP-mediated resistance is not yet under-
stood, one possibility is that PAP enters the host cells along with the virus and
prevents translation of viral RNA by inactivating conspecific ribosomes. In this
scenario, PAP is a secreted suicide factor whose re-entry into host cells is potentiated
by cellular permeabilization by the pathogen. This is supported by comparing in
vitro TRNA depurination activities of different RIPs on yeast and tobacco leaf
ribosomes, as substrates.3> All of the RIPs were active on yeast ribosomes whereas
PAP and dianthin 32 were highly active on tobacco ribosomes. The same two proteins
were also highly effective in inhibiting the formation of local lesions on tobacco
leaves caused by tobacco mosaic virus. In contrast, tritin and barley RIP showed no
depurination activities on tobacco ribosomes and they were ineffective in inhibiting
virus spread. This supports the hypothesis that the antiviral activity of some RIPs,
like PAP, work via inactivation of conspecific ribosomes.*

11.5 ROLE OF RIPs IN PLANT-FUNGAL INTERACTIONS

Pathogenesis related (PR) proteins have been shown to inhibit fungal growth in
vitro'®3% and to enhance protection against pathogens by over-expression in transgenic
plants.%# Moreover, combinations of PR proteins, such as the barley single-chain RIP
30, seed chitinase CHI 26, and (1-3)-b-glucanase BGL32, exhibited synergistic
inhibition of the growth rate of Trichoderma reesei, a barley pathogen, and Fusarium
sporotrichioides, a barley seed rot, in in vitro, microtiter plate assays. Mycelial growth
of T. reesei was inhibited by the individual purified proteins from 20 to 90% by
adding 1.5 pg/well. In contrast, growth was inhibited more than 95% when all three
proteins were added at 0.25 pg/well. This synergistic inhibition was even more
pronounced for F. sporotrichioides; moreover, the soil-borne pathogen Rhizoctonia
solani, which infects a range of plant species, and Botrytis cinerea responded with
a similar inhibition of growth when exposed to CHI 26, BGL 32, and RIP 30." These
results suggest that single-chain RIPs, like RIP 30, can be toxic to fungal cells.
Furthermore, the synergistic inhibition of fungal growth by mixtures of CHI 26, BGL
32, and RIP 30 suggest that the toxicity of RIP 30 is enhanced when hyphal cell
walls are permeabilized by the hydrolytic action of CHI 26 and BGL 32, resulting
in an increased uptake of RIP 30 into the fungal cytoplasm (Figure 11.4).

These results prompted the production of transgenic tobacco plants expressing
barley RIP 30 under control of the wound-inducible promoter of the potato wunl
gene. These plants accumulated RIP mRNA and protein upon infection by R. solani.
Moreover, wunl-RIP transgenic plants grown in soil inoculated with R. solani
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FIGURE 11.4 Purified barley RIP30 and chitinase inhibit fungal growth in a microtiter
assay. Spores of two fungi, T. reesei and F. sporotrichoides, were added to potato dextrose
media and allowed to germinate and grow for 4 days (free growth). Increasing amounts of a
partially purified, unbound fraction (CM thru) of an ion exchange chromatography containing
both chitinase and RIP 30 partially inhibited the growth of 7. reesei. Increasing amounts of
chitinase (CHI) and RIP30 (RIP II, isoform 2) further purified by FPLC inhibited the growth
of both fungi. Negative controls include increasing amounts of Cytochrome C (same basic
pl as chitinase and RIP30 isoform 2) and water. Positive controls include DMSO and nystatin,
a fungal antibiotic. Quantitation of such assays are described in Leah et al.!

exhibited increased tolerance toward the pathogen.® To examine whether combina-
torial expression of several antifungal proteins could lead to enhanced quantitative
resistance, high-level expression of barley RIP 30 alone or in combination with
barley CHI 26 and BGL 32 was obtained in transgenic tobacco plants using the
strong constitutive 35S promoter. A construct was also tested containing a plant
secretory peptide fused to RIP 30. Using a semiquantitative disease reduction assay
based on a five-class, disease-severity-scale, a correlation between transgene RIP
protein levels and disease reduction was observed.® In addition, plants expressing
the signal peptide RIP form secreted the protein and showed a higher level of
protection than transgenics expressing the cytosolic form of the RIP. Finally, com-
binatorial ectopic expression of the barley seed RIP 30/CHI 26 and RIP 30/BGL 32
from the 35S promoter in cotransformed tobacco plants exhibited significantly
enhanced protection against fungal attack when compared with the protection levels
obtained with corresponding isogenic lines expressing a single barley transgene to
a similar level.® Clearly then, ectopic expression of some RIP forms can enhance
protection for some fungal pathogens.
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11.6 ENGINEERING CHIMERIC, TARGETED RIPs

Type-I RIPs which lack a lectin B-chain are generally less cytotoxic than Type-
IT molecules. Therefore, Type-I RIPs are thought not to be targeted to specific
cells, but to enter cells by fluid-phase endocytosis. A model for improving the
efficacy of toxin action comes from work on immunotoxin cells.!%!! In general,
these involve chimeric molecules, reminiscent of Type-II RIPs, in which a general
toxin is fused to a single-chain antibody to potentiate cell-specific, toxin targeting.
Following this paradigm, we are attempting to target the Type-I barley RIP 30 to
fungal cells. This may be possible by constructing chimeras containing chitin-
binding domains and plant secretion peptides. Chitin, an aminoglucoside polymer,
is a major structural polysaccharide of fungal cell walls and is often exposed in
growing hyphal tips.3*3% Plants synthesize various chitin-binding proteins, such as
Class 1 chitinases, wheat germ agglutinin (WGA), and other lectins.3® All known
chitin-binding proteins contain a conserved sequence of 30 to 43 amino acid
residues, called the hevein domain, with several cysteines and glycines at con-
served positions. Chimeric constructs were made by fusing PCR amplified chitin-
binding domains from various genes to the N-terminus of the barley RIP 30 cDNA
(Figure 11.5).

In initial experiments, these chimeric proteins were produced by in vitro tran-
scription and translation in wheat germ, and their ability to bind chitin was tested
by batch adsorption to chitin followed by SDS-PAGE. As expected, RIP 30 and
signal peptide PRIP 30 did not bind chitin, while three chimeric proteins containing
hevein domains did. To examine the ability of these proteins to inhibit translation
on mammalian ribosome, in vitro protein synthesis assays with reticulocyte lysate
were performed. All proteins, both RIP 30 and chimeras, were found to inhibit
subsequent translation. These results indicate that the chimeric RIPs are enzymati-
cally active and bind chitin. To begin to test the effects of the chimeras in plants,
the chimeric RIP constructs were transferred to a vector carrying the 35S promoter
for expression in transgenic Arabidopsis. Preliminary results show that high-level
accumulation of the fusion proteins is not associated with phenotypic abnormalities.
Antifungal assays will be pursued to examine the abilities of these transgenes to
enhance the protection of the transgenic plants toward fungal pathogens.

11.7 PERSPECTIVES

Aspects of the biology of RIPs which require further attention include attempts to
optimize their use as defensive transgenes, which depends on a better understanding
of their in vivo functions in host plants. Future work on the endogenous functions
of RIPs would benefit from genetic approaches in plants in which null or knockout
RIP alleles are available — for example, B32. This kind of study could be extended
to Arabidopsis, which has been reported to express a RIP*” although no clear RIP
orthologous sequences have yet been uncovered in the Arabidopsis Genome
Sequencing Program (http://genome-www.stanford.edu/Arabidopsis/).
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FIGURE 11.5 Chimeric RIP constructs. Transgene constructs made by fusing the barley
chitinase 33 hevein domain and/or signal peptide, or the nettle lectin double hevein domain3
in frame to the N-terminus of the barley RIP 30.
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12.1 INTRODUCTION

Plant defensins belong to a superfamily of antimicrobial peptides with a cysteine-
stabilized oy motif that has representatives in vertebrates, invertebrates, and plants.
This feature underscores the importance of these defense molecules as central com-
ponents of a widespread defense strategy of multicellular organisms. In plants,
antimicrobial plant defensins can be constitutively expressed during critical devel-
opmental stages and in particular cell types. Other plant defensin genes can be
induced upon microbial infection. At least in Arabidopsis, induction of a plant
defensin gene as a response to fungal attack appears to involve the synthesis of
jasmonates as signaling molecules. The signal transduction pathway dependent on
salicylic acid (SA) and leading to systemic acquired resistance (SAR) is not required
for the induction of expression of this plant defensin gene. Similar to defensins from
insects and mammals, the action of plant defensins on microorganisms involves
changes in ion fluxes across the plasma membrane. However, a direct interaction
with phospholipids of microbial membranes does not appear to occur, and the role
of a receptor as an anchor for membrane insertion of plant defensins has been
postulated.

12.2 PROTEIN STRUCTURE

Plant defensins are a family of small (about 5 kD), usually basic, peptides which
are rich in disulfide-linked cysteine residues. The first plant defensins to be isolated
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were initially considered as a novel subgroup of thionins, which are also cysteine-
rich peptides of about 5 kD in size, and were therefore called y-thionins.'> However,
subsequent work has established that thionins and plant defensins are structurally
unrelated.>> To avoid confusion between both families of peptides, the name plant
defensins was introduced in 1995 by Terras et al.® based on the structural and
functional similarities with insect defensins (Figure 12.1), and this name is now
widely accepted in recent literature (for other reviews, see references 7 and 8).

Plant defensins have been isolated from various monocot and dicot species!?-17
or identified via the sequencing of cDNA clones.'#2 When the amino acid sequences
of a series of plant defensins and plant defensin-like peptides originating from 10
different plant species are compared, it becomes clear that relatively few residues
are conserved in all plant defensins (Figure 12.1). Indeed, the conserved residues
are restricted to the eight cysteines and a glycine at position 48 (numbering as in
Figure 12.1). These conserved residues are part of the cysteine-stabilized a3 motif
characterized by the CXXXC, GXC, and CXC blueprint (with X being any amino
acid). This motif occurs in various peptides of animal origin, and all of these peptides
have at least two disulfide bridges linking the CXXXC portion embedded in an o-
helix to the CXC portion contained within a B-strand (see below).2¢

The 3D structure of the plant defensins yl-purothionin, y1-hordothionin, -
hordothionin, and Rs-AFP1 has been determined.’> All these plant defensins share
a similar fold which is dominated by a a-helix packed against an antiparallel triple-
stranded -sheet. For instance, the secondary structure elements of Rs-AFP1, a plant
defensin from radish seeds, comprise an N-terminal B-strand from lys-2 to pro-7 (j3-
strand I), a a-helix spanning residues asn-18 to asn-27, a second B-strand from arg-
32 to tyr-38 (B-strand II), and a C-terminal B-strand from his-43 and pro-50 (p3-
strand III). B-strand II and B-strand III are linked by a Type-VI B-turn (Figure 12.2).
As predicted by the presence of the cysteine-stabilized off motif, B-strand III is
connected by two disulfide bridges to the a-helix.?

Interestingly, the overall three-dimensional folding pattern of plant defensins
corresponds very well to that of drosomycin, a pathogen-inducible antifungal peptide
from the fruitfly Drosophila melanogaster.?” Notably, drosomycin and Rs-AFP1
share 38 % homologous residues.?® Despite the fact that there is no significant primary
structure homology between plant defensins and scorpion venom neurotoxins, many
of these proteins also have adopted a fold with a a-helix and a triple-stranded [3-
sheet resembling that of plant defensins.?3! Finally, the plant defensin fold is also
similar to that of the pathogen-inducible insect defensins exhibiting antibacterial
activity, except that the latter features a double-stranded -sheet instead of a triple-
stranded one.?? All proteins mentioned here are members of a superfamily of peptides
containing the cysteine-stabilized of-motif.

12.3 ANTIMICROBIAL ACTIVITIES

The first plant defensins that were demonstrated to possess antifungal activity were
the two plant defensin isoforms Rs-AFP1 and Rs-AFP2 isolated from radish seed.!®
To date, a whole range of plant defensins have been thoroughly analyzed to determine
their antimicrobial activity spectrum.!!-!315.16 Based on the antimicrobial effects
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Alignment of plant defensin and plant defensin-like protein sequences. Amino acid sequences of the mature and proprotein domains of
the plant defensin (-like) proteins as deduced from cDNAs or genes or as experimentally determined. Available accession numbers are indicated on the
left. Gaps introduced for optimal alignment are indicated by hyphens. Cysteines are boxed. Cysteine-stabilized a-helix footprints are indicated by asterisks
above and under the sequences. Rs-AFP1 and 3: Raphanus sativus antifungal proteins 1 and 3 (Terras et al.®); Dm-AFP1: Dahlia merckii antifungal
protein 1 (Osborn et al.'%); g-thionin: barley y-thionin (Méndez et al.?); o-thionin: barley ®-thionin (Méndez et al.*’); amyl inhibit 2: sorghum o-amylase
inhibitor 2 (Bloch and Richardson®); tob FST: tobacco flower-specific thionin (Gu et al.?'); sunfl SF18: sunflower cDNA SF18 (Domon et al.*%); mustard
mti2: Sinapis alba trypsin inhibitor 2 (Ceci et al.*°); rape Bp4A: Brassica napus pollen-coating protein (Albani et al.>?); PCP1: B. oleracea pollen-coating
protein (Stanchev et al.¥) and drosomycin: Drosophila antifungal protein (Fehlbaum et al.?$).
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FIGURE 12.2 Stereoview of the 3D structure of the plant defensin Rs-AFP1 from radish
seeds. (From Fant, F., Vranken, W., Broekaert, W. F., and Borremans, F., Determination of
the three-dimensional solution structure of Raphanus sativus antifungal protein 1 by NMR,
J. Mol. Biol., 279, 257, 1998. With permission.)

observed on fungi, at least two groups of plant defensins can be distinguished. The
“morphogenic” plant defensins cause reduced hyphal elongation with a concomitant
increase in hyphal branching, whereas the “nonmorphogenic” plant defensins only
slow down hyphal elongation but do not induce marked morphological distortions.
The antifungal activity of plant defensins, whether morphogenic or not, is reduced
by increasing the ionic strength of the fungal growth assay medium. This antagonism
was found to be due to the cations, with divalent cations being at least one order of
magnitude more potent than monovalent cations.!%-!! Ca?*, Mg?*, and Ba?* are equally
effective at inhibiting the antifungal activity of plant defensins (W.F. Broekaert,
unpublished results).!! The antagonistic effect of cations is strongly dependent on
the fungus and on the plant defensin type.’> When comparing different plant
defensins for their relative activity on various fungi, marked differences in activity
spectrum can be observed, and such differences are even accentuated upon increasing
the ionic strength of the medium. For instance, in a potato dextrose broth medium
supplemented with 1 mM CaCl, and 50 mM KCI, the plant defensin from horse
chestnut (Ah-AMP1) is active against Leptosphaeria maculans with an ICs, value
of 6 ng/ml, but it is basically inactive against Fusarium culmorum. In contrast, a
plant defensin from Heuchera sanguinea (Hs-AFP1) is inactive against the former
fungus but inhibits the latter with an ICs, value of 3 pg/ml.'> Some plant defensins
have also been reported to exert antibacterial activity such as a Clitoria ternatea
plant defensin (Ct-AMP1), which is active against Bacillus subtilis,”> and a potato
tuber plant defensin, which inhibits Ralstonia (Pseudomonas) solanacearum and
Clavibacter michiganensis (Moreno et al.'?). None of the plant defensins has yet
been found to have detrimental effects on cultured human cells or plant cells.!®
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12.4 STRUCTURE-ACTIVITY RELATIONSHIPS

As a first approach to identify protein domains which are important for the antifungal
activity of plant defensins, De Samblanx et al.>* synthesized a series of overlapping
15-mer peptides based on the Rs-AFP2 sequence. Rs-AFP2 is the most potent plant
defensin from radish and is similar to Rs-AFP1, from which it differs by only two
amino acid residues. Like Rs-AFP1, Rs-AFP2 is expressed in seeds of radish.®1°
The analysis of the antimicrobial activities of each peptide showed that the region
from cys-27 to cys-47 is very important for the Rs-AFP2 toxicity against fungi.
Therefore, according to the 3D-structure model of Rs-AFP1, a homologous plant
defensin,’ the active Rs-AFP2-derived peptides map to the region extending from
B-strand II to B-strand III. The important role of the interconnecting Type-VI B-turn
was further demonstrated by the antifungal activity exerted by a cyclized synthetic
peptide corresponding to this turn.®

Our laboratory has performed a mutational analysis of Rs-AFP2 for the precise
identification of amino acid residues which are responsible for the antifungal activity
of this plant defensin.* The Rs-AFP2 variants were generated by PCR site-directed
mutagenesis and expressed in yeast. A couple of Rs-AFP2 variants, which had
antifungal activities significantly different from the wild-type protein, had their
circular dichroism spectra analyzed to show that no major alterations of backbone
secondary structure elements had occurred.

By modification of particular amino acid residues to introduce sequence simi-
larities to SIa2, a plant defensin from sorghum seeds which appears to lack anti-
fungal activity,’> De Samblanx et al.>* produced a first series of Rs-AFP2 variants.
In addition, another group of variants was produced to replace certain Rs-AFP2
residues by the basic amino acid arginine.3* The rationale for these substitutions was
the correlation between a reduction in antifungal activity and a decrease in net
positive charges while comparing Rs-AFP1 and Rs-AFP2.!° The mutational analysis
resulted in the identification of two subsites important for the antifungal activity of
Rs-AFP2 against the fungus Fusarium culmorum: (i) the protruding domain con-
sisting of the Type-VI B-turn and the first part of the B-strand III (e.g., tyr-38, phe-
40, pro-41, ala-42, lys-44, and ile-46); (ii) residues in the loop connecting 3-strand
I and the a-helix (e.g., thr-10 and ser-12) and contiguous residues on the o-helix
and the last part of B-strand III (e.g., leu-28 and phe-49). In another study,*® the
important role of tyr-38 has been further confirmed by the decreased antifungal
activity of a cyclized synthetic peptide containing an amino acid substitution for the
tyrosine residue. The results from De Samblanx et al.?33* showed that the Rs-AFP2
active regions form an elongated patch along the same side of the molecule. Fur-
thermore, the active subsites comprise sequence regions which strongly differ from
those of plant defensins closely related to SIa2 (e.g., yl-purothionin and y1-hordo-
thionins) that have no antifungal activity.

The contribution of basic amino acids to the antifungal strength of plant defensins
has also been demonstrated by point mutagenesis. The substitution of the neutral
residues gly-9 and val-39 by arginines (G9R and V39R variants, respectively)
increased the toxicity of Rs-AFP2 to F. culmorum, while a neutral glutamine at lys-
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44 reduced it.** Introduction of arginines at other positions did not result in enhanced
activity to F. culmorum, and sometimes it even decreased the activity.

A more detailed analysis of Rs-AFP2(V39R) and Rs-AFP2 was made using a
set of several phytopathogenic fungi.?* The difference between the antifungal activity
of the Rs-AFP2 variant and that of Rs-AFP2 was found to be dependent on the
fungal species. On three fungi (F. culmorum, Nectria haematococca, and Verticillium
dahliae), Rs-AFP2(V39R) was more active than Rs-AFP2. On the other hand, Rs-
AFP2(V39R) either had antifungal activity similar to that of Rs-AFP2 or was less
potent against other fungi. Therefore, these changes in the range of fungal species
which are affected by Rs-AFP2 upon site-directed mutagenesis confirmed the exist-
ence of highly specific recognition mechanisms between plant defensins and their
fungal target sites.

Interestingly, changes in the amount of salts in the growth medium had a great
effect on the antifungal activity of both Rs-AFP2 variants and the wild-type protein.**
In general, point mutations that resulted in loss of antifungal activity were easier to
identify on a medium supplemented with CaCl, and KCl than in a low ionic strength
medium. Furthermore, the differences in potency between Rs-AFP2(V39R) and Rs-
AFP2 against several fungi were always more pronounced in media with added salts
than in low ionic strength conditions. In this particular case, De Samblanx et al.**
suggested that the introduction of an extra charged amino acid residue may reinforce
ionic interactions. Therefore, the ionic strength effect of the medium indicates that
not only are stereospecific interactions between particular amino acids of plant
defensins and target sites on fungal hyphae important, but that electrostatic interac-
tions also contribute to the antifungal effect.

12.5 MODE OF ACTION

The mechanisms through which plant defensins inhibit fungal growth are just starting
to be investigated. A recent study by Thevissen et al.>> showed that plant defensins
induce a rapid Ca?* uptake and K* efflux across fungal membranes, with the con-
comitant alkalinization of the medium. These results were obtained by treatment of
Neurospora crassa hyphae with either Rs-AFP2 or Dm-AMP1, a morphogenic and
a nonmorphogenic plant defensin, respectively. Rs-AFP2 was also shown to stimu-
late Ca?* uptake by Fusarium culmorum.’* Interestingly, an arginine substitution
variant of Rs-AFP2 with enhanced antifungal activity, Rs-AFP2(V39R), caused an
even higher increase of Ca?* influx. On the other hand, a variant virtually devoid of
antifungal activity, Rs-AFP2(Y38G), did not stimulate Ca?* uptake.*

Rs-AFP2 and Dm-AMPI, in contrast to a thionin from barley seeds (a-hordo-
thionin), did not form ion-permeable pores in artificial phospholipid membranes.*
Consistent with these observations, a plant defensin from potato tubers did not cause
a significant permeabilization of artificial phospholipid vesicles for entrapped fluo-
rescent dye molecules.3® Therefore, since membrane permeabilization through direct
protein—lipid interactions does not appear to be the primary cause of fungal growth
inhibition, the inhibitory effects of plant defensins might involve a receptor-mediated
mechanism.
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To further analyze the binding properties of plant defensins, Thevissen et al.?’
radiolabeled Hs-AFP1, a plant defensin isolated from Heuchera sanguinea and
known to have morphogenic effects on fungal growth similar to those of Rs-AFPs.
High-affinity binding sites with a K, of about 30 nM were identified on both the
intact hyphae and membrane microsomes of Neurospora crassa. This observation
constitutes the first circumstantial evidence for the participation of a membrane
receptor. Furthermore, binding of Hs-AFP1 was reduced by structurally related plant
defensins as the possible result of a competition for a common binding site. Inter-
estingly, the Rs-AFP2(Y38G) variant with reduced antifungal activity that was
unable to induce ion fluxes in fungal hyphae,** was also unable to compete for the
Hs-AFP1 binding sites.?” These results suggest a causal link between receptor bind-
ing, ion fluxes, and antifungal activity of plant defensins.

Many aspects of the mode of action of plant defensins remain to be investigated.
The nature of the putative membrane receptor is not known at present. It is also
unclear how receptor binding and generation of ion fluxes are interrelated. One
outstanding possibility is that the membrane receptor allows plant defensins to insert
in the membrane and to form ion-permeable pores. Another possibility is that binding
of the plant defensins to their receptors activates endogenous signal transduction
components, which in turn affect the activity of endogenous ion channels or ion
transporters. Finally, the actual cause of growth inhibition needs to be further
explored. As controlled Ca**-influx is essential for polar elongation of tip-growing
cells,®® it can be envisaged that increased Ca**-influx caused by plant defensins
somehow interferes with growth-sustaining processes in fungal hyphae.

12.6 EXPRESSION OF PLANT DEFENSIN GENES

Plant defensins have now been isolated from over 20 different plant species, and
most probably occur in most, if not all, plant species. Particular plant defensins
have been found to be expressed in nearly every plant organ, including leaves,®!3
roots,? tubers,'? floral organs,!>!321-2 fruits, 620 and seeds.!2%1.1415 In Arabidopsis,
five different plant defensin genes (PDFI.1, PDFI1.2, PDF2.1, PDF2.2, and
PDF?2.3) have been identified via random cDNA sequencing. Examination of their
expression has revealed that they all have a distinct organ-specific expression pat-
tern. In healthy Arabidopsis plants, PDFI1.1 is expressed exclusively in seeds and
seed-bearing siliques,'” PDF2.1 in roots, siliques, and seeds, PDF2.2 in all organs
except stems and seeds,** and PDF2.3 in all organs except roots.* Hence, at least
one member of the plant defensin gene family is constitutively expressed in every
Arabidopsis organ. The gene PDF1.2, on the other hand, is not (or only weakly)
expressed constitutively but is strongly induced in leaves upon attack by fungal
pathogens (see below).!”

Localization of constitutively expressed plant defensins in their tissue of origin
by immunological or in situ hybridization techniques has, in many of the cases
reported so far, revealed that they accumulate preferentially in peripheral cell layers.
In radish seeds, the highest concentrations of plant defensins occur in the outer cell
wall lining the epidermis of cotyledons, hypocotyl, and endosperm.® Unopened
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tobacco flower buds transcribe a plant defensin gene in the epidermis of the adaxial
surface of petals and in the peripheral cell layers of the style, the ovary, the stamen
filaments, and anthers.?! Likewise, in potato tubers, highest transcription of a plant
defensin gene is in the epidermis and in leaf primordia.'? In healthy sugar beet leaves,
on the other hand, plant defensins were located predominantly in the xylem, in
stomatal cells, and cell walls lining the substomatal cavities.!> The preferential
location of plant defensins in peripheral cell layers is consistent with a role in
protection of the organ against microbial challenge. Furthermore, their occurrence
in stomatal cells and cells surrounding the substomatal cavity also fits in with a role
in defense, since stomata are well-known entry points for fungi.

In at least four different plant species, namely pea,?® tobacco,?! radish,® and
Arabidopsis,"” plant defensins have been shown to be induced upon fungal infection
of vegetative tissues. In contrast, no overall increase in plant defensin content was
observed in sugar beet leaves infected with the fungal pathogen Cercospora beticola.
However, in this case, infection triggered the appearance of extracellular globular
bodies containing plant defensins in the leaf mesophyll cells surrounding the infec-
tion zone, whereas such bodies were apparently absent from the corresponding tissue
in healthy leaves.!? At least in radish and in Arabidopsis, the induction by fungal
pathogens is systemic in the sense that it can be detected not only in infected leaves
but also in uninfected leaves.*!7 Some constitutively expressed plant defensin genes
have also been reported to be downregulated upon fungal infection. This is the case
for the plant defensin gene Pth-StI in potato leaves infected with the bacterium
Pseudomonas syringae,'? the gene SPI1 in Norway spruce roots infected with the
fungus Pythium dimorphum,> and PDF2.2 in Arabidopsis leaves infected with the
fungus Alternaria brassicicola.® Downregulation of these constitutively expressed
genes may be the result of secretion by the pathogen of suppressor molecules,
although this aspect has not yet been explored in the case of plant defensin genes.

To study the signal transduction pathway which controls the expression of plant
defensins upon pathogen attack, the induction of PDFI.2 from Arabidopsis has
been used as a model.!” Gene expression analysis after both chemical treatments
of wild-type plants and fungal infections of Arabidopsis mutants and transgenic
lines indicated that induction of PDF1.2 is neither mediated by SA nor dependent
on other signaling components of the SAR pathway in which SA plays a central
role. On the other hand, the exogenous application of either methyl jasmonate
(MeJA) or ethylene strongly induced the expression of PDFI.2. Epple et al.*
similarly showed that PDF1.2, but not PDF2.3, is induced upon treatments with
MelJA, silver nitrate, and by inoculation with plant pathogenic fungi. Measurements
of jasmonic acid (JA) showed that the endogenous levels of this MeJA analog
increased simultaneously to the systemic accumulation of plant defensins in the
leaves of Arabidopsis plants which had been infected with A. brassicicola.'” Inter-
estingly, leaves from the Arabidopsis acd2 mutant have mRNA levels of PDF1.2
and jasmonic acid contents much higher than those detected in wild-type plants.!”
The Arabidopsis acd2 mutant was isolated in a genetic screening for plants which
spontaneously develop necrotic lesions in their leaves.*® As previously reported by
other authors, Penninckx et al.!” also observed that the acd2 mutant accumulates
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high levels of the PR-1 transcript. Although the increases in gene expression and
JA levels were observed throughout the plant, necrotic rather than asymptomatic
leaves displayed the most significant changes.

According to Epple et al.,* ethylene released by hydrolysis of ethephon does
not induce the expression of PDF1.2. However, in the work of Penninckx et al.,'”
ethylene, paraquat, and rose bengal all acted as inducers of this same plant defensin.
Experimental differences, due for instance to ethylene concentrations, growth con-
ditions, and Arabidopsis ecotypes could explain the contradiction between the results
of Epple et al.® and Penninckx et al.!” The use of Arabidopsis mutants which are
insensitive either to MeJA (coil plants),*! or ethylene (ein2 and etrl plants)*>+3
confirmed that induction of PDFI.2 involves a pathway in which jasmonate and
ethylene act as signaling components. Recent work in our laboratory has shown that
the jasmonate and ethylene response pathways act in parallel and not in sequence
for the activation of PDF].2.4%

The induction patterns of PDF1.2 and the Arabidopsis thionin named THI2. ]34
are very similar. These observations suggest that PDF1.2 and THI2.1 may be active
compounds of the same plant defense pathway which, in contrast to the induction
of PR-1 proteins, is independent of signaling events mediated by salicylate.

12.7 CONTRIBUTION OF PLANT DEFENSINS TO HOST
DEFENSE

It has been proposed that seed-expressed plant defensins from radish play an impor-
tant role in the protection of seeds or seedlings against invasion by soil-borne fungi.®
This hypothesis is based on the observation that radish seeds germinating on a
medium supporting the growth of a fungal colony cause a growth inhibition halo
which can be mimicked by application on the medium of drops containing as little
as 1 pg of the purified radish plant defensins Rs-AFP1 or Rs-AFP2. Seeds that were
kept dormant by external application of abscisic acid did not produce the inhibition
halo unless their seed coats were mechanically perforated. Analysis of the imbibition
solution of seeds with a mechanically incised seed coat, revealed that plant defensins
accounted for 30% of released proteins, although Rs-AFPs are minor proteins in the
seed (0.5% of total seed proteins). The amount of plant defensins released from a
single seed was estimated to be at least 1 pg, which is the amount of peptide required
to mimic the inhibition halo formed around a germinating seed.® All of these exper-
iments indicate that plant defensins are released from radish seeds when the seed
coat is perforated (either by the radicle of the germinating embryo under natural
conditions or artificially with the aid of a scalpel), and moreover, that the released
amounts are sufficient to create a zone around the seeds in which fungal growth is
suppressed. Hence, these findings strongly suggest that plant defensins play a role
in the protection of seedling tissues during the early stage of emergence and thus
may contribute to the enhancement of seedling survival rates. The simple fact that
chemical fungicides are commonly used for coating crop seeds to increase seedling
stand illustrates that soil-borne or seed-borne fungi form a considerable threat to
germinating seeds.
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Indirect evidence also suggests that plant defensins contribute to the resistance
of vegetative tissues to fungal attack. As mentioned above, the jasmonate-insensitive
coil and ethylene-insensitive ein2 Arabidopsis mutants are impaired in their ability
to induce the plant defensin gene PDF1.2 upon fungal attack.!” Interestingly, both
the coil and ein2 mutants were found to be highly susceptible to infection by the
soft rot fungus Botrytis cinerea, whereas mutants affected by the salicylate-depen-
dent defense pathway were as resistant as wild-type plants.* However, as other
defense-related genes, including a chitinase and a PR-4-type gene, are induced
coordinately with PDF1.2 along the same pathway, the reduced resistance of coil
and ein2 mutants to B. cinerea cannot be attributed solely to PDF1.2.

To investigate more directly the ability of plant defensins to contribute to disease
resistance in plants, tobacco plants were transformed with a chimeric gene construct
consisting of the coding region of the radish Rs-AFP2 plant defensin cDNA driven
by a constitutive promoter. T2-generation tobacco plants expressing Rs-AFP2 at a
level of 0.2% of total leaf protein showed a sevenfold reduction in lesion size upon
infection with the foliar fungal pathogen Alternaria longipes relative to untrans-
formed plants.® Hence, constitutive high-level expression of at least some plant
defensin genes can confer enhanced resistance to particular microbial diseases.

Although there is evidence that at least some types of plant defensins play a
role in the protection of plant tissues from microbial attack, it is highly unlikely that
such a role can be coined to all plant defensin types. Indeed, the very high sequence
divergence within this peptide family suggests that plant defensins can exert various
biological activities, some of which remain to be identified. Some plant defensins,
such as Sla2 from sorghum seeds, apparently lack antimicrobial activity. However,
SIa2 has been demonstrated to inhibit a-amylases from insects® and may therefore
interfere with digestive processes in phytofagous insects and thus act as antifeedants
against these animals. Interestingly, plant defensins with proven antimicrobial prop-
erties, such as Rs-AFP2, Dm-AMPI1, or Hs-AFP1, all lacked a-amylase inhibitor
activity.!”” Particular plant defensin types may also play a role in developmental
processes. Genes from Brassica oleracea encoding peptides with the cysteine-sta-
bilized B-motif have been found to be expressed exclusively in microspores,* and
the peptides themselves were found to be present in the pollen coating and to interact
with the stigmatically expressed SLG glycoprotein.*® Hence, in this case a specific
role in pollen—pistil interactions appears to be more likely.
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13.1 INTRODUCTION

Over millions of years, plants, fungi, and insects have evolved together and have
developed attack and defense mechanisms that have ensured their mutual survival.
While plant resistance is the predominant outcome in most plant—pathogen interac-
tions, virulent strains of pathogens can cause considerable damage to plant tissues
in a given environment. In order to survive a continuous onslaught by pathogens
(bacteria, fungi, and viruses) and pests (insects, nematodes, etc.), plants deploy an
assortment of defensive responses soon after infection or exposure to abiotic stress.
These responses involve activation of host defense genes that were either inactive
or expressed at basal levels previously. The major defense response involves the
biosynthesis and accumulation of pathogenesis-related proteins (PR proteins). Both
plants and pathogens possess certain sets of resistance and avirulence genes that
determine the outcome of the plant—pathogen interaction in what is known as the
gene for gene hypothesis. These genes represent upstream defense responses, but
PR proteins are expressed in both resistant and susceptible interactions and in
situations where a necrotrophic pathogen invades a plant host, usually after some
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delay following the perception of the pathogen. Thus PR proteins represent down-
stream generalized defense responses. The induction of PR proteins has been often
interpreted as an attempt by the plant to prevent or limit the spread of the pathogen.
In most cases, an assortment of PR proteins belonging to diverse subclasses, rather
than a single member of a single family of PR proteins, is induced, indicating that
such a combinatorial defense may have been selected during coevolution of the
plants and pathogens. In some cases, there is a good correlation between a rapid
and high-level expression of one or more PR proteins and the resistance reaction of
the host plant. Even though it has not been demonstrated that loss of expression of
a specific or multiple PR proteins results in greater susceptibility to disease, over-
expression of genes in plants encoding certain PR proteins has been shown to provide
protection against specific pathogens. These findings have led to the hope that a
genetic engineering strategy involving constitutive, high-level expression of combi-
nations of PR proteins with different modes of action against target organisms may
provide broad-spectrum, durable resistance to a variety of diseases and pests. Hence,
an understanding of the nature, distribution, and function of such proteins becomes
very important in management of modern biotechnology-based crop improvement.
In this chapter, we will attempt to summarize some of the data obtained with
transgenic crop plants in which PR proteins are expressed at high levels and the
effect of such over-expression on the progression of the disease or pest survival.

13.2 OVER-EXPRESSION OF PR PROTEINS IN
TRANSGENIC PLANTS AS A DEFENSE STRATEGY

Plant protection is a major challenge to agriculture worldwide. The application of
molecular genetic approaches in the study of plant—pathogen interactions has resulted
in the relatively rapid accumulation of information concerning mechanisms under-
lying virulence in pathogens and resistance in plants. The most desirable and effec-
tive strategy for disease resistance in plants has been the incorporation of disease-
resistant genes into commercially acceptable cultivars. There have been experimental
successes with the transformation of plants with various foreign genes to effect
disease resistance. For example, the genes Pto and Xa21 confer resistance to fungal
and bacterial pathogens on tomato and rice, respectively. However, the resistance
conferred by these genes is specific to a particular host and in some cases to a limited
assortment of pathovars. Further, complete resistance to a specific fungus may
provide an opportunity for other fungi to emerge as new threats to the cultivated
crop. Because plants are exposed to a broad and unpredictable assortment of patho-
gens in nature, it may be more advantageous to deploy an assortment of general
defenses as plants have learned to do over evolutionary time. In this strategy, one
would ensure that PR proteins would be present in host plants at levels needed for
effective resistance (even if the resistance achieved is partial) before the attack by
pathogens and pests. Further, the PR proteins would be located in regions where
they are most effective against the invading pathogens (for example, the extracellular
space). The transgene-encoded PR proteins are deployed in addition to, and not in
place of, the inducible defenses of the host plant, including the endogenous PR
proteins. It is to be borne in mind, however, that this strategy will exact the metabolic
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price of diverting some of the plant’s resources into the synthesis of these defense
proteins as insurance against a pathogen attack that may or may not ensue. The goal
is to stabilize rather than enhance yield. In areas where diseases are endemic, this
strategy may result in enhanced yield per unit land area compared to plots where
control plants are grown.

In the following, we will first review the literature dealing with the expression
of transgenic crop plants, mostly involving dicotyledonous species such as tobacco,
canola, tomato, and potato. In the second half, we will focus on the utilization of
the same strategy in monocot plants. Because of our familiarity with published and
ongoing efforts with transgenic rice plants and the limited amount of published data
on other transgenic monocot plants, our review is weighted heavily toward transgenic
rice plants. Work is in progress in several laboratories with transgenic maize, wheat,
and sorghum that intend to exploit PR proteins to enhance their resistance to diseases
and pest attack.

13.2.1 PR-PROTEINS AS ANTIFUNGAL PROTEINS
13.2.1.1 Chitinases and B-1,3 Glucanases

The most attractive initial candidates for manipulation of the single gene defense
mechanisms approach are genes encoding chitinases or -1, 3-glucanases because
these two enzymes hydrolyze chitin and -1-3-glucans which are structural compo-
nents of the cell walls of several fungi. In the first report of success with this
approach, the expression of a bean vacuolar chitinase gene under the control of the
constitutive 35S promoter from cauliflower mosaic virus in tobacco and Brassica
napus was shown to result in decreased formation of symptoms by the necrotrophic
pathogen, Rhizoctonia solani.' Significant reduction in fungal growth and delay in
disease development were observed. Similarly, a fungal chitinase gene from Rhizo-
pus oligosporus has been shown to operate as an antifungal system in transgenic
tobacco.? The constitutive expression of vacuolar tobacco chitinases increased the
resistance of Nicotiana sylvestris to the root pathogen, Rhizoctonia solani, but did
not reduce symbiotic potential of the plants.? Transgenic cucumber harboring the
rice chitinase genes exhibited enhanced resistance against gray mold, Botrytis
cinerea.* However, enhanced plant resistance to Cercospora nicotianae was not
observed with over-expression of a tobacco chitinase in tobacco.’ Furthermore,
transgenic tobacco plants accumulating acidic class III chitinases from sugar beet
did not show an increase in resistance against Cercospora nicotianae.® Thus while
some chitinases are effective as defense mechanisms in some hosts, they are not
universally effective against all species of chitin-containing fungi. It is likely that
the nature of the specific chitinase deployed, its cellular location, the accessibility
of this chitinase to the cell wall-associated chitin (and possibly differences in the
chitin substrate), and the mode of infection of the plant host by the pathogen may
have contributed to the negative outcome.

While it is clear that it is possible in several cases to alter the expression of
chitinase transgenes to generate plants with increased resistance to the pathogen, it
is not clear whether constitutively expressed chitinase alone is responsible for the
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reduction of disease symptoms as observed in the case of tobacco and canola. The
presence of increased chitinase levels prior to infection initiation may have triggered
the host to mount a more rapid defensive response involving other host defenses.!”’
Introduction of bacterial chitinase gene from Serratia marcescens in transgenic
tobacco cells showed up to an eightfold increase in the amount of chitinase protein
in the plants and conferred resistance to R. solani.® The S. marcescens chitinase A
gene in transgenic tobacco plants with CaMV-35S promoter resulted in increased
resistance to Alternaria longipes by reducing necrotic lesions and chlorosis during
infections. This increase in resistance, however, appears to diminish during matu-
rity.” Chitinase protein accumulated to about 0.25% of the total soluble leaf protein
in transgenic tobacco generated using promoters from petunia plants.'® At least 50%
of the chitinase protein produced in transgenic tobacco cells with the S. marcescens
chitinase A gene was of the same molecular weight as S. marcescens chitinase.!!
Using immunocytochemical methods, Benhamou et al.'? observed that hyphal tips
of R. solani in root tissues of transgenic plants appeared damaged and suffered
increased vacuolization and cell lysis compared with the active fungi found in
control plants. Fungal colonization was restricted to the cortex in the transgenic
plants, whereas fungal colonization occurred extensively in all root tissues in the
wild type.

Over-expression of an elicitor-releasing 3-1,3-glucanase from soybean in trans-
genic tobacco plants was shown to result in enhanced resistance to Alternaria
alternata and the oomycete, Phytophthora parasitica var nicotianae.'® Furthermore,
[-1,3-glucanases and chitinases have been shown to act synergistically against fungi
in in vitro'* and in vivo assays. Transgenic tomato plants expressing only a chitinase
transgene or a -1,3-glucanase transgene were susceptible to Fusarium oxysporum,
but plants expressing both genes had significantly higher resistance than the plants
expressing only chitinase or B-1,3-glucanase.!> Similarly, Jach et al.'® demonstrated
that tobacco plants expressing a barley -1,3-glucanase and a chitinase gene had a
greatly enhanced resistance compared to plants expressing only one of these two
enzymes. Tobacco plants expressing a gene encoding rice basic chitinase and others
expressing an alfalfa acidic glucanase were developed separately. Crossing both
transgenic lines generated hybrid plants. Evaluation of these hybrids, which were
heterozygous for each transgene, and the homozygous selfed progeny, showed that
the combined effect of two transgenes in conferring protection against Cercospora
nicotianae was greater than that afforded by the single transgenes. These results
suggest that the combined expression of PR2 (3-1,3-glucanase) and PR3 (chitinase)
gives effective protection against fungal infection.!”

13.2.1.2 Ribosome-Inactivating Proteins (RIPs)

Expression of the barley ribosome-inactivating protein cDNA under the control of
a wound-inducible promoter in transgenic tobacco plants confers protection against
the soil-borne pathogen R. solani as judged by height differences between control
and transgenic plants grown in infected soil.'® High-level expression of the trans-
ferred genes was detected in transgenic plants when cDNAs encoding three proteins
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from barley (Hordeum vulgare), a class II chitinase (CHI), a class II 3-1,3-glucanase
(GLU), and a Type-I ribosome inactivating protein (RIP) were expressed in tobacco
plants.’ The performance of tobacco plants co-expressing the barley transgene
GLU/CHI or CHI/RIP in a Rhizoctonia solani infection assay showed significantly
enhanced protection against fungal attack. These data indicated synergistic protective
interaction of the co-expressed antifungal proteins as antifungal defenses.

13.2.1.3 Thaumatin-like Protein

Transgenic tobacco and potato plants constitutively over-expressing a full-length
osmotin gene accumulated osmotin to a level of about 2% of the total cellular
proteins.?® While the transgenic potato plants expressing the tobacco osmotin gene
showed a delay in the development of disease symptoms, there was no effect of
over-expression of the tobacco osmotin gene in transgenic tobacco plants, leading
to the speculation that the heterologous nature of the osmotin was responsible for
the effectiveness of the tobacco osmotin gene in potato against the potato pathogen.
When transgenic potato plants over-expressing a potato osmotin gene were tested
against the potato late blight pathogen, transgenic potato plants showed high levels
of potato OLP and delayed development of disease symptom when inoculated with
P. infestans. These results do not support a coevolution hypothesis, but do support
the interaction between a specific osmotin and the particular pathogen. Tobacco
and potato plants over-expressing full-length osmotin gene accumulated osmotin
mostly in an intracellular compartment, probably the vacuole. In contrast, in plants
over-expressing a truncated form of the osmotin gene with a deletion of region
encoding the C-terminal 20 amino acids, osmotin was totally secreted into the
extracellular matrix. Transgenic potato plants over-expressing the truncated osmo-
tin protein also showed resistance to Phytophthora infestans.?! Even though there
was some improvement in reduction of disease symptoms soon after infection, it
could not be established whether the extracellular expression resulted in signifi-
cantly greater resistance than the transgenic plants in which osmotin accumulated
in vacuoles.

Zhu et al.?? reported transgenic potato plants expressing sense or antisense RNAs
for an osmotin-like protein (OLP) from potato. Sense transgenic potato plants
showed high levels of potato OLP and delayed development of disease symptoms
when inoculated with P. infestans. Antisense transformants showed accumulation of
sense OLP mRNA, induced by fungal infection, but no corresponding protein. To
study the mechanism of OLP gene expression as induced by ethylene, Sato et al.3
cloned the gene from Nicotiana sylvestris and ancestors of N. tabacum. Sequence
analysis showed that it has two AGCCGCC sequences in its promoter region which
are conserved in most basic PR protein genes. Transgenic tobacco plants with wild
and mutated OLP promoter: Gus fusion genes showed that mutated AGCCGCC
sequences clearly inhibited the gus expression induced by ethylene. An EREBP2
protein, one of the proteins binding to the AGCCGCC sequence of tobacco B-1,3-
glucanase gene, is also shown to bind to the AGCCGCC sequence(s) of the OLP
gene, which suggests that ethylene-induced expression of OLP is regulated by a
transacting factor common to basic PR proteins.
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13.2.1.4 Other PR Proteins

Constitutive expression of the PR-I gene has no apparent effect on symptoms
development in transgenic tobacco inoculated with tobacco mosaic virus,>»> but
recent data indicate increased tolerance to infection by two oomycete pathogens,
Perenospora tabacina and Phytophthora parasitica var. nicotianae®® in transgenic
tobacco expressing PR1a.

Tobacco plants were transformed with a chimeric gene construct consisting of
the coding region of the radish Rs-AFP2 plant defensin cDNA driven by a consti-
tutive promoter. The T2 plants in expressing Rs-AFP2 promoter showed a sevenfold
reduction in lesion size upon infection with the fungal pathogen Alternaria longipes
compared to untransformed plants.?’

13.2.2 PR PrOTEINS AS INSECTICIDAL PROTEINS

A bean class I endochitinase gene was used to transform potato plant to enhance
resistance to the tomato moth, Lacanobia oleracea.?® The bean chitinase accumulated
up to 2% of the total soluble protein, but it did not provide any protective effect
against tomato moth larvae. Transgenic rice plants expressing high levels of a rice
chitinase gene also failed to have any inhibitory effect on the growth or mortality
of stem borer (our unpublished data). On the other hand, Gatehouse et al.” observed
a small but significant decrease in the growth of the peach-potato aphid, Myzus
persicae, on transgenic potato plants expressing genes encoding bean chitinase and
a snow drop lectin.

Hilder et al.3® showed that transgenic tobacco plants expressing a cowpea trypsin
inhibitor gene were more resistant to attack by larvae of the lepidopteran insect,
Heliothis virescens, than untransformed control plants. Johnson et al.3! introduced
the genes coding for tomato proteinase inhibitor I (chymotrypsin inhibitory), tomato
and potato inhibitor II (trypsin and chymotrypsin inhibitory) to tobacco. Plants
expressing high levels of inhibitor II protein showed severe growth retardation when
fed to larvae of the tobacco hornworm Manduca sexta, while a reduced induction
of inhibitor I and II was noted in transgenic tomato plants expressing prosystemin
gene (encoding a systemic signal for wound-responsive genes) in antisense orienta-
tion. Prosystemin is the precursor protein of systemin, an 18-amino acid polypeptide
that activates protease inhibitor genes in tomato leaves. Growth rates of Manduca
sexta larvae feeding on the antisense plants were three times higher than larvae
feeding on untransformed control plants.?? Expression of insect-encoded Pis in
transgenic plants has been elaborately discussed in Heitz, Chapter 6.

13.3 EXPRESSION OF PR PROTEIN GENES IN RICE

Rice is the world’s most important food crop. Almost two billion people, i.e., one
third of the world’s population, depend primarily on rice for basic food. Rice fields
cover more than 360 million acres of land around the world and yield 560 million
tons of grain per year. Every year there are significant yield losses due to biotic and
abiotic stresses, making plant protection against these stresses the major challenge
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to agriculture. One of the most devastating biotic stresses of rice is sheath blight
disease, caused by the fungus Rhizoctonia solani. It is prevalent in all rice-growing
countries, especially in Asia. The genetic sources for high levels of resistance have
not been identified in cultivated rice nor in its wild relatives in spite of an extensive
effort. The development of genetic engineering techniques for rice opens up pos-
sibilities for testing the effects of expression of agronomically important genes,
including PR genes with antifungal activity, as strategies to overcome sheath blight
disease of rice.3*3*

Expression of a PR-protein gene in rice was first reported by Lin et al.*® in 1995.
A rice class I chitinase gene which is normally expressed in seeds, Chi-11,37 under
the control of the cauliflower mosaic virus (CaMV) 35S promoter, which confers
constitutive expression, was introduced to the indica rice cultivar, Chinsurah Boro
II by PEG (polyethyleneglycol) mediated protoplast transformation system. Several
independent transgenic lines were regenerated, with chitinase expression ranging
from 2- to 19-fold over controls. Western blot analyses of transgenic plants and their
progeny revealed the presence of two proteins with apparent molecular weights of
30 and 35 kDa that reacted with the chitinase antibody, while no chitinase bands
were detectable in uninfected control plants. Progeny from the transgenic chitinase-
positive plants expressing chitinase at high and low levels were tested for their
resistance to the sheath blight pathogen, Rhizoctonia solani. Disease ratings were
monitored for the progression of the disease as described by Ou.3® The number and
size of lesions in transgenic plants were smaller compared to control. The lesions
had spread to the upper half of the control plants, while in the transgenic plants, the
lesions were confined to the lower half of the sheaths and covered an area smaller
than those in the controls. The degree of resistance displayed by the transgenic plants
to the R. solani correlated with the level of chitinase expression.

Regulation, expression, and function of a new basic rice chitinase gene in
transgenic rice was described by Xu et al.** A new basic chitinase gene, designated
RC24, was isolated from a rice genomic library, and the encoded RC24 chitinase
expressed in Escherichia coli exhibited chitinase activity and strongly inhibited
bacterial growth. Because the RC24 promoter contained several putative stress-
related elements, regulation of RC24 expression by fungal elicitor and wounding
stimuli was examined. Gene-specific primer extension analysis showed that the
RC24 transcript accumulation in leaf tissues was also induced by wounding. The
regulation of the RC24 gene by wounding stimulus was further confirmed by analysis
of GUS activities in tissues of transgenic rice plants containing the RC24 pro-
moter/GUS gene fusion. These results indicate that the RC24 promoter is very
responsive to fungal elicitor and wounding stimuli.

Recently a pathogen-inducible chitinase cDNA clone, RC7, that encoded a class
I chitinase with a size of 35 kDa molecular weight was isolated from R. solani-
infected IR58 rice plants.*’ Its deduced amino acid sequence was found to be
significantly different from the other rice chitinases used in other studies with
transgenic rice plants. We observed constitutive expression of this isolated chitinase
gene in the transgenic plants obtained from IR72 and IR64 (both derived from
biolistic gene delivery system) and from Chinsurah boro II (from protoplast trans-
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formation system), and the plants showed an enhanced resistance to sheath blight
(Datta et al. in preparation). However, independent fertile lines had variable protein
expression. Expression and segregation of chitinase transgene was noted in the
following generations. Two different homozygous lines (T, generation) were
obtained from each transgenic progeny of the two cultivars, IR64 and IR72. Homozy-
gous progeny of these chitinase transgenic plants obtained from both IR72 and IR64
were assayed for resistance to the fungal pathogen R. solani. Bioassay data showed
variation of fungal protection, and the protective effect of the chitinase transgene
on the transgenic homozygous lines was shown to be about 50% both in lesion size
and number.

More recently, we have expressed yet another PR-protein gene in transgenic rice
in our laboratory. A 1.1 kb DNA fragment containing the coding region of a thau-
matin-like protein (TLP), a member of the PR-5 group of PR proteins from rice,
was introduced into different indica rice cultivars. We have described the over-
expression of 23 kDa rice TLP in genetically engineered rice under the control of
the CaMV 35S promoter.*! Western blot analyses of protein extracts of transgenic
plants showed variation in their protein expression levels. Although the accumulation
level of this protein varied among individual transformants, several primary trans-
genic plants and their progeny showed a considerable amount of protein accumula-
tion (levels approaching 0.5% of total protein). Several lines of TLP-transformants
of the T1 generation with high-level constitutive expression of rice TLP were
subjected to a bioassay for resistance to the fungal pathogen R. solani. The plants
expressing high levels of TLPs had significantly less infection (rated on the basis
of lesion number, area size, and localization) compared to nontransgenic control.
This indicates that over-expression of a rice TLP can result in protection against the
spread of the disease. Molecular analysis of TLP rice plants is shown in Figure 13.1.
We are now in the process of developing transgenic rice plants with multiple PR-
protein genes in an attempt to engineer durable resistance against fungal attack in
agreement with multigene strategies for crop breeding.*?

Several foreign protease inhibitor genes have also been introduced into rice. The
constitutive expression of the cowpea trypsin inhibitor gene*® or the wound-inducible
expression of potato proteinase inhibitor II gene* in rice confers resistance to stem
borer, the major lepidoptera rice pest. Tissue-specific promoters have been shown
to be very active in rice for Bt gene expression,* which can eventually be designed
to maximize PR protein expression in transgenic rice. Irie et al.*® introduced a corn
cystatin gene in the rice genome, and accumulation of up to 2% of total soluble
seeds protein was observed and exhibited a wider inhibition spectrum against insect
gut proteinases than the endogenous oryzacystatin. Table 13.1 summarizes the
selected list of work done on PR proteins in transgenic plants.

13.4 CO-SUPPRESSION OF PR GENES IN TRANSGENIC
PLANTS

It has been reported that transgenes introduced into plants can interact with homol-
ogous host genes leading to decreased expression of both genes.*”* The report of
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FIGURE 13.1 (a) Southern blot analysis of several independently transformed plants of CBII with tlp-D34 gene in TO. Most plants except CB425 and CB591 showed the
expected 1.1 Kb fragment indicative of the #lp-D34 gene digested by BamHI, HindIII. NT nontransformed rice DNA, D34 plasmid DNA used for transformation (b) Western
blot analysis showing TLP-D34 protein level in TO plants. Molecular weight of markers given in kilodaltons (kDa) at the extreme left. The TLP-D34 protein of transgenic CBII
plants showed 23 kDa molecular weight protein. CB493, CB592, CB630, CB631, CB633 did not show any protein expression. Fifty micrograms of leaf extract protein from
freeze-dried samples was analyzed by 10% SDS-PAGE. (¢) Coomassie blue-stained SDS-PAGE of total proteins from rice plants (TO) transformed with t[p-D34 gene. Three
transgenic plants, CB724, CB672, and CB673, showed the expression of 23 kDa protein. Molecular weight of marker given in kilodalton (kDa) at the extreme left. Bovine
serum albumin (BSA) used as standard protein in known concentration. (d) Western blot analysis showing expression of TLP-D34 protein (23 kDa) in TO plants and its T1
progenies (CB629). PM = protein marker of known molecular weight, NC = negative control; CB629-0 is the TO plant and CB629-1 to CB629-7 are the progenies of CB629-
0. (From Datta, K., Velazhahan, R., Oliva, N., Ona, 1., Mew, T., Khush, G.S., Muthukrishnan, S., and Datta S. K., Theor. Appl. Genet. (in press), 1999.)
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TABLE 13.1

PR Protein Genes Introduced in Transgenic Plants

PR Genes

Chitinase; -1, 3-glucanase

(Bacterial) chitinase

Acidic and basic chitinase

Chitinase

Chitinase (Bean chitinase promoter)

Class II chitinase, -1, 3-glucanase,
type I

Ribosome-inactivating protein

35-S bean chitinase

Ribosome-inactivating protein
(barley)

B-1, 3-glucanase

Chitinase (rice)

PR la

Class I chitinase

Phenyl alanine ammonia lyase (PAL)

Rice chitinase promoter

Class 1II chitinase (peanut)

RIP b-32 (maize)

Wun I promoter (wound inducible)

H,0,-generating glucose oxidase

Chitinase (Chil)

PRB-1 promoter

PR-1a promoter

PR-1 and the class II isoforms of PR-2
and PR-3

Osmotin (PRS5)

Pokeweed antiviral protein (PAP)

Osmotin-like protein (OLP) PR5

B-1, 3-glucanase

1, 3-1, 4 B-glucanase

PR-1a, 1b, 1c

PR-1a

PR-1 pseudogenes (W38/1 and W
38/3)

Chitinase A (Chi A)

Plant defensin (Rs-AFP2)
Chitinase

Basic chitinase (RC24)
Proteinase inhibitor II
Cystatin gene

Cowpea trypsin inhibitor gene
Thaumatin-like PR-5 gene

Transgenic crop

Tobacco, rape
Tobacco
Tobacco
Tobacco
Tobacco
Tobacco

Canola
Tobacco

Tobacco, alfalfa
Cucumber
Tobacco
Tobacco
Tobacco
Tobacco
Tobacco
Tobacco
Tobacco
Potato
Tobacco
Tobacco
Tobacco
Tobacco

Tobacco, potato

Tobacco

Tobacco

Alfalfa

Barley

Tobacco

Tobacco, carrot

Tobacco (not active after stable
transformation only transient
expression with GUS reporter gene)

Tobacco

Tobacco

Rice

Rice, rose

Rice

Rice

Rice

Rice
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Hart et al.’® addresses the problem of stability and developmental regulation and
inhibitory interaction between homologous tobacco class I chitinase gene and trans-
genes in Nicotiana sylvestris. A vacuolar chimeric class I chitinase gene from
tobacco with CaMV promoter was introduced into Nicotiana sylvestris, and the
transgenic homozygous T, plants accumulated high levels of chitinase. However,
some of the transgenic plants accumulated levels of chitinase lower than nontrans-
formed plants. The heritability of silent phenotypes was examined, and the report
indicated that silencing can be regulated both developmentally and by environmental
factors. Gene-specific measurement of chitinase and chitinase mRNA indicated that
the silent phenotype results from stable but potentially reversible states of gene
expression that are not meiotically transmitted and from co-suppression of both host
and transgene expression. This silent state was not correlated with cytosine methy-
lation of the transgene.

A similar type of suppression was observed in the case of B-1,3-glucanase
transgene expression in homozygous plants. A basic -1,3-glucanase isoform, GN1,
accumulates in the vacuoles of the transgenic plants. Progeny of the transgenic plants
in the hemizygous condition contained high levels of gnl mRNA and 14fold higher
activity than untransformed plants. Constitutive high-level expression of GN1 protein
did not cause any apparent phenotypic abnormality. However, the expression of GN1
was completely suppressed in the homozygous progeny. This suppression occurs at
a post-transcriptional level and is developmentally controlled. By generating haploid
plants, it was shown that this silencing is correlated with the transgene dose in the
plant genome.>!

In our studies with transgenic rice, all T3 progeny of a homozygous parent
transformed with a rice chitinase gene, Chi-11, under control of CaMV 35S promoter
expressed the gene constitutively at 3 weeks after germination. However, about 20%
of these progeny did not show any detectable chitinase 8 weeks after germination,
indicating silencing of the transgene. A similar percentage of transgene silencing
was also observed among the progeny of a heterozygous parent. There was co-
silencing of the selectable marker gene whose expression was also driven by CaMV
35S promoter. Northern blot analysis and nuclear run-on transcription studies showed
that the metabolic block in the silent plants was transcriptional. 3

13.5 CONCLUSION

Transgenic cereals expressing PR proteins, especially rice plants, are now widely
available in several laboratories. Efforts are under way to identify the combinations
of PR proteins that are most effective against a specific pathogen or broad range of
fungi. A better understanding of all of the PR proteins, their mode of action, and
their cellular targets would undoubtedly lead to practical uses by manipulation of
their expression and cellular or extracellular targeting. A desirable avenue of research
will involve the use of inducible and/or tissue-specific promoters that will allow
expression of transgenic PR proteins only when needed and only in desired tissues.
Because there is an increasing demand for food crops (quantitatively and qualita-
tively) which need to be produced on less land and with minimum application of
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chemical input, genetic engineering offers excellent opportunities to complement
conventional breeding for further improvement of crops. The availability of a large
assortment of well-characterized stress-related PR genes (for biotic or abiotic stress),
further understanding of stress signals and transduction mechanisms, and identifi-
cation of additional defense genes will provide attractive opportunities for enhancing
crop protection. Breeding for resistance in transgenic plants with multigene combi-
nation of PR protein genes (gene pyramiding) may be a good strategy to achieve
longer-lasting resistance by reducing the probability of the breakdown of crops’
resistance to pathogens, akin to the recent conventional breeding programs that aim
to select for more durable resistance using “multigene” combinations.*
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Bacteria
hydroxyproline-rich glycoproteins,

279



280

164
proteinase inhibitors, 137-138, 139
PR protein induction in plants, 3
thaumatin-like protein, 116
thionin, 212, 218
Bacterial speck disease, 197
Barley, see Hordeum vulgare
Basic-leucine-zipper (bZip) transcription
factor, 35, 64
Bean, 96, 118
Benzothiadiazole (BTH), 222
6-Benzylaminopurine, 29
BGL32, 240-241
Biochemical marker, 158-159
Botrytis cinerea, 138, 240, 256, 263
Bowman-Birk inhibitor, see also Proteinase
inhibitors
digestive proteinases and activity,
141
fungi induction, 136
occurrence and potential role in
plants, 134, 135
wounding induction, 140
Brassica spp., 162, 163, 263
Brassicaceae, 211, see also Thionin
BTH, see Benzothiadiazole
bZip, see Basic-leucine-zipper transcription
factor

C

Cabbage, 138
Cactus proteins, 201
CAD, see Cinnamyl alcohol dehydrogenase
Caenorhabditis elegans, 139
Calcium, 213, 221, 252, 253
Calcium chloride, 252
Callose, 7, 52, 53, 59-60
CaMV, see Cauliflower mosaic virus
Candida albicans, 114
Cardiotoxin, 213, 214, see also Thionin
Carrot, 97, 158, 162-163
Caster bean, 236
Catalase, 27, 28
Catalytic domain, 236-237, 238, see also
Ribosome-inactivating proteins
Catalytic mechanisms/specificity
family 18 chitinases, 89-91
family 19 chitinases, 91-92
PR-4 chitinases, 92
Caterpillars, 143
Cations, 250, 252, see also Defensins (plant)
Cauliflower mosaic virus (CaMV), 53, 54,
63,264
CBD, see Chitin-binding domain
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CCPI, see Cowpea cystatin
cDNA
classification of PR proteins, 6, 9
PR-1 proteins, 23, 24
thaumatin-like proteins, 119
thionin genes, 220
Cell layers, peripheral, 253-254, see also
Defensins (plant)
Cell walls
hydroxyproline-rich glycoproteins,
159, 163-164
peroxidase, 172
thionin, 217, 219
Cellulase, 120
Cercospora spp.
B-1,3-glucanases, 59
pathogenesis-related proteins
induction in tobacco, 9
plant defensins, 254
thaumatin-like proteins, 114
transgenic plants, 263, 264
Cereals, 208, see also Individual entries
Cfresistance gene, 197
Chi-11 transgene, 271, see also Chitinase
transgenes
Chia genes, 6, 7, 94-95
Chib genes, 6,7, 94
Chic genes, 6, 7, 94
Chid genes, 6, 7, 95
Chimeric constructs, 242, 243, 256
Chitin, 196
Chitin-binding domain (CBD)
antifungal activity of chitinases,
95-96
chimeric constructs of ribosome-
inactivating proteins, 242, 243
PR-3 family structure, 80, 82, 83, 84
role, 93
solanaceous lectins relation, 165
Chitin synthase, 138
Chitinase 26, 245-241
Chitinase transgenes, 263-264, 266, 267,
271
Chitinases
catalytic mechanisms and
specificities, 88—84
functions, 95-98
gene structure and regulation, 94-95
HYP-containing glycoproteins, 165
protein structure, 79—-88, 89
PR protein classification, 6-7, 9
reproduction role, 12
Rhizobium-legume interactions,
11-12
Saccharomyces cerevisiae growth,
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11
Chitosan, 144
2-Chloroethylphosphonic acid, see
Ethephon
Chn family, 57, 61
Cholera toxin (CTX), 65
Chymotrypsin, 136, 138, 142-143, see also
Proteinase inhibitors
Chymotrypsin inhibitor transgene, 266
Cinnamyl alcohol dehydrogenase (CAD),
185
Circadian regulation, 218
cis-Acting elements, see also trans-Acting
elements
3-1,3-glucanase expression/
regulation, 63-64
peroxidase gene regulation, 184—185
PR-1 promoter regulation, 32-34
transcriptional regulation of PR
protein gene expression, 198
Cladosporium fulvum, 7, 197
Class I chitinases, 80, see also Chitinases
Class II chitinases, 80, 82—83, see also
Chitinases
Class IV chitinases, 83, see also Chitinases
Class V chitinases, 83, see also Chitinases
Class VI chitinases, 83, see also Chitinases
Class VII chitinases, 83—84, see also
Chitinases
Classification
PR proteins, 5-9
ribosome-inactivating proteins,
236-237, 238
thionin, 211
coil mutant, 256
Coix lacrima-jobi, 97
Coleoptera, 140-141, see also Individual
entries
Collectotrichum spp.
B-1,3-glucanases, 58
hydroxyproline-rich glycoproteins,
159, 161, 162
proteinase inhibitors, 136, 138
Colonization, fungi, 138, see also Proteinase
inhibitors
Colorado potato beetles, 139, 141, 142
Comoviruses, 137
Conspecific translation, 239, 240
Corn rootworm larvae, 141
Cosuppression, transgenic plants, 268, 271,
see also Transgenic plants
Cowpea cystatin (CCPI), 139
Cowpea trypsin inhibitor gene, 269, see also
Trypsin inhibitor
Cowpea weevil, 141
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cpr genes, 200, 201
cpTlI gene, 143
Crambe abyssinica, 211
Crambin, 210, 211, 214, 217, see also
Thionin
Crop plants, 222, see also Individual entries
Cross-linking, 163-164, 172, see also
Hydroxyproline-rich glycoproteins
cryA gene, 143
Crystal idioblasts, 23
CTX, see Cholera toxin
Cucumber
chitinase, 84, 85, 94, 95
chitinase transgene expression, 263
peroxidase, 173
Cultured cells, 212
Cycloheximide, 26
Cydia pomonella, 141
Cystatin, 141, 142, 269, see also Cysteine
proteinase
Cysteine proteinase, see also Proteinase
inhibitors
antimicrobial activity, 138
digestive proteinases from insects,
141
mechanical wounding and induction
in plants, 140
occurrence and potential role, 134,
135-136
orzyacystatin and activity, 137
Cysteine residues, 211, 217
Cystine nooses, 92
Cytokinins, 29, 60-61

D

2,4D, see 2,4-Dichlorophenoxyacetic acid
defl mutants, 145
Defense reactions, 10-11, 163-164, 207,
255-256
Defensins (plant)
antimicrobial activity, 248, 250
gene expression, 253-255
host defense and contribution,
255-256
inclusion in PR protein family, 6
mode of action, 252-253
protein structure, 247-248, 249
structure—activity relationships,
251-252
Denaturation, 109
Developmental processes, 11, 31-32, 256
2,6-Dichloroisonicotinic acid, 118
2,4-Dichlorophenoxyacetic acid (2,4D), 29
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Dicots, 208, 210

Digestive proteinases, 140-143, see also
Proteinase inhibitors

Dm-AMPI, 252, see also Defensins (plant)

Double mutant analysis, 201

Drechslera graminea, 219, 220

Drosomycin, 248

Drosophila spp., 201. 248

Drought stress, 117, see also Stress

E

E2 gene, 119
E22 gene, 119
Eicosanoids, 163
ein2 mutant, 256
EIN3 protein, 199
EIX, see B-1,4-Endoxylanase
Elastase, 138, 142-143
Elicitors
B-1,3-glucanases, 57-58
hydroxyproline-rich glycoproteins,
162, 163
PR protein gene expression, 196
role of PR proteins, 11
thaumatin-like protein, 109, 118
Embryogenesis, 55, 97
3-1,3-Endoglucanases, 6-7, 9, 11
3-1,4-Endoxylanase (EIX), 30
Endocytosis, fluid-phase, 242
Endoplasmic reticulum (ER), 217
Endosperm
-1,3-glucanases, 54-56
ricin, 236
thionin, 208, 217
Endo-B-1,4-glucosaminidases, see
Chitinases
Enzymes, 52, 138, 215
Epidermal cells, 218
ER, see Endoplasmic reticulum
ERE, see Ethylene-responsive element
EREBPs, see Ethylene-responsive element
binding proteins
Erwinia spp., 65, 137
Erysiphe graminis, 116, 184,219
Ethephon, 30, 61, 199
Ethylene
gene expression of PR proteins,
197, 198, 199, 201
3-1,3-glucanase expression, 55, 61
hydroxyproline-rich glycoproteins
induction, 162, 163
hypersensitive response and PR
proteins, 10

Pathogenesis-Related Proteins in Plants

induction of PR proteins, 9
osmotin induction, 117-118, 120,
265
plant defensins gene expression, 255
PR-1 proteins, 29-31, 34, 36
proteinase inhibitor induction, 145,
146
thaumatin-like protein induction,
118
Ethylene-responsive element (ERE), 63, 198
Ethylene-responsive element binding
protein (EREBP), 36, 64-65
Ethylene-responsive element binding
protein (EREBP) gene, 198
Evolution, PR-1 proteins, 24
Exocortis virus, 146
Extensin, 172, see also Hydroxyproline-rich
glycoprotein
Extracellular space, 23, 24, 50
Extracellular targeting, 122—-123

F

Family 18, 84, 89-91

Family 19, 91-92, 94-95

Floral tissues, 12, 31-32, see also Individual

entries
Freezing tolerance, 121, see also Antifreeze
proteins

Fungi, see also Individual entries
B-1,3-glucanases, 57-59
peroxidase, 172
plant defensins, 254, 255
PR protein induction, 3, 9
PR-1 proteins, 25
proteinase inhibitors, 137-138
thaumatin-like protein, 116
thionin, 212, 213, 218

Fusarium spp.
B-1,3-glucanases, 55, 57, 58
gene expression of PR proteins, 200
proteinase inhibitor activity, 138
ribosome-inactivating proteins, 240,

241

Rs-AFP2 activity, 251, 252
thionin, 215, 221
tobacco and PR proteins, 9
transgenic plants, 264

G

GA, see Gibberellins
G-box element, 184—185
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GCC box, 198-199
GE, see B-Glucan elicitor
GE-binding protein (GEBP), 196
GEBP, see 3-Glucan elicitor binding protein
Gene expression
hydroxyproline-rich glycoproteins,
161-163
peroxidases, 176-179, 183-185
plant defensins, 253-255
PR-1 proteins, 25-32
thaumatin-like proteins, 116-117
thionin, 219-220
Genes, see also Individual entries
peroxidase organization, 181, 183
suppression/overexpression and
potential role, 185-186
thaumatin-like proteins, 119-120
Genetic engineering, 222
Germ tube elongation, 138
Gibberellins (GA), 55, 143
GIP-1, see 3-1,3-Glucanase inhibitor protein
Globodera pallida, 139
B-Glucan elicitor (GE), 196
3-Glucan elicitor binding protein (GEBP),
57-58
Glucan endo-1,3-6-glucanases, see PR-2
family
Glucanase, classification, 6-7, 9
3-1,3-Glucanase inhibitor protein (GIP-1),
58
3-1,3-Glucanase transgene, 263-264, 271
3-1,3-Glucanases, see also PR-2 family
Glucans, 196
B-Glucuronidase (GUS) reporter-gene
3-1,3-glucanase expression, 55, 62,
65
hydroxyproline-rich glycoproteins,
163
PR-1 proteins, 27, 30, 32-34
thaumatin-like proteins, 119
GNI1 transgene, 271
G-proteins, see GTP binding proteins
GT-1 factors, 34-35
GTP binding proteins (G-proteins), 65
GUS, see B-Glucuronidase reporter-gene

H

Heat shock, 173

Heat-shock proteins (HSP), 10

Heat shock regulatory element (HSE), 33
Heliothis spp., 25, 141, 266

Heme-binding domains, 174-175
Hemiptera, 141, see also Individual entries
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Hemolysis, 212, 213
Herpes simplex virus, 137
Heterodera spp., 139
Heuchera sanguinea, 253
Hevamine, 89-91
Hevea brasiliensis, 84, 86, 87
Hevein, 87, 96, 242, 243
Histidine residues, 174, 175, 182
Histochemical analysis, 27
Hordeum vulgare
peroxidase, 184
PR-4 proteins, 88, 89
proteinase inhibitors, 136, 138—139
ribosome-inactivating protein, 236,
239
thionin, 208, 215, 218-220
Hordiothionin, 215, 217, 218, see also
Thionin
Hormones, 29-31
H/PRP, see Hyp/proline-rich proteins
HR, see Hypersensitive response
HRGP, see Hydroxyproline-rich
glycoproteins
Hs-AFP1, 253, see also Defensins (plant)
HSE, see Heat shock regulatory element
HSP, see Heat-shock proteins
Hydrolysis, 89, see also Chitinases
Hydroxyproline-rich glycoproteins (HRGP)
accumulation in diseased plants,
159-161
defense role, 163—-164
gene expression and regulation,
161-163
other HYP-containing glycopro-
teins,
164-165
plant-microbe interactions, 172
structural features, 158—159
Hyp/proline-rich proteins (H/PRP), 165
Hypersensitive response (HR)
B-1,3-glucanases, 62, 63, 57
hydroxyproline-rich glycoproteins,
164
PR proteins
function, 11
plants, 1,2, 3
Hyphae, 114, 250

IAA, see Indoleacetic acid
IkB protein, 201

IDT, see Isodityrosine bridges
Incompatibility reactions, 164
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Indoleacetic acid (IAA), 118
Inflorescences, 32, see also Floral tissues
Inhibition halo, 255
Insect defensins, 248
Insects, see also Individual entries
pathogenesis-related proteins, 6
PR-1 proteins, 25
proteinase inhibitors, 139-143
thionin toxicity, 212
transgenic plants, 266
Intercellular spaces, 6, 164
Ionic strength, 250, 252, see also Defensins
(plant)
Irradiation, 31
Isodityrosine (IDT) bridges, 164
Isoforms
B-1,3-glucanases, 50
pathogenesis-related proteins, 5-9
PR-1 proteins, 22-23
thionin, 208-211

J

JA, see Jasmonic acid
Jasmonates, 197, 201, 247
Jasmonic acid (JA)
ethylene-induced PR-1 gene
expression, 30-31
hydroxyproline-rich glycoproteins
induction, 163
plant defensin gene expression, 254,
255
proteinase inhibitor induction, 144,
145, 146
thionin induction, 218
JIP60 protein, 236, 239
Job’s Tears, see Coix lacrima-jobi

K

Killer toxin, 84

Kimura protein distance correction, 175

Kinetin, 29

Kluyveromyces lactis, 84

Kunitz-type inhibitors, 134, 135, 138, 140,
see also Proteinase inhibitors

L

Lacanobia oleracea, 266
Larvae, hatching, 139
Lemmings, 143
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Lepidoptera, 140-141, see also Individual
entries

Light responsiveness, 218

Lignification, 172

Lily, 53

Linolenic acid, 144, 145

Lipid peroxidases, 27

Loblolly pine, see Pinus taeda

Lth locus, 219

Lysis, 114

M

Maize
gene expression in PR proteins, 200
proteinase inhibitors, 136, 140
ribosome-inactivating proteins, 236
thaumatin-like proteins, 115
Manduca sexta, 25, 142, 143
Medicago truncatula, 184
Mela, see Methyl ester methyl jasmonate
Melon
hydroxyproline-rich glycoproteins,
158, 159, 162, 163
proteinase inhibitors induction, 136
Membrane receptor, 252-253
Membranes, permeability, 114, 212
Messenger ribonucleic acid (mRNA), 6, 26
Metal ions, 213
Metallocarboxypeptidase, 140
Metallo-proteinase, 134, 136, 137, see also
Proteinase inhibitors
Metals, heavy, 218
Methyl ester methyl jasmonate (MelJa),
30-31
Methyl jasmonate
plant defensin gene expression, 254
proteinase inhibitor induction, 142,
144, 145, 146
ribosome-inactivating proteins
induction, 239
thaumatin-like protein induction,
118
thionin induction, 215, 218, 221
Microbial signals, 145-146
Microsporogenesis, 53
Mistletoe, 208
Monocots, 208, 209
MPI gene, 146
mRNAS, see Messenger ribonucleic acid
Multigene family, 219-220, see also
Thionin
Mybl protein, 29, 35
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Myzus persicae, 266

N

NAA, see Auxin 1-naphthaleneacetic acid
Narbonins, 87
Necrosis, 1-3, 4, 21-22
Nectria haematococca, 252
Neighbor joining method, 175
Nematodes, 139, see also Individual entries
Neurospora crassa, 114,252, 253
Nicotiana spp., see also Tobacco plants
chitinase transgene expression, 263
3-1,3-glucanase
deficiency and virus susceptibility,
59
expression regulation, 61, 62,
63-64
structural classes, 50
hypersensitive reaction, 21-22
PR protein induction, 1, 2, 5,9
PR-1 proteins, 22, 23, 25
serine proteinase isolation, 135
Nikkomycin, 114
Nitric oxide, 197
NLS, see Nuclear localization sequence
NMR, see Nuclear magnetic resonance
Nodulation factors, 96-97
Norbornadiene, 118, 120
NP24, 108, 114
NPRI gene, 200, 201
Nuclear localization sequence (NLS), 201
Nuclear magnetic resonance (NMR), 175

0]

OBFs, see ocs element binding factors

Oc-IADS6, 139, see also Oryzacystatin

ocs element, 35

ocs element binding factors (OBFs), 64

Octadecanoid pathway, 221

OGA, see Oligogalacturonides

Okadaic acid, 118

Oligogalacturonides (OGA), 162, 163

Oligosaccharide elicitors, 57-58, see also
Elicitors

Oligouronides, 144

OLP, see Osmotin-like protein

Oryza sativa, 28

Orzyacystatin, 137, 139, 141, 142, see also

Proteinase inhibitors
Osmotic stress, 108, 117, see also Stress
Osmotin
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abscisic acid induction, 117-118
accumulation in seedlings, 109
antifungal activity, 114, 115
disease resistance
extracellular targeting, 122
overexpression, 120-121
gene isolation, 119
plant stress induction, 10, 117
signal molecule induction, 118
thaumatin similarity, 108
Osmotin-like protein (OLP), 109, 120, 121
Osmotin-like protein (OLP) transgene, 265
Osmotin transgene, 265
Overexpression
PR genes in transgenic plants,
262-266
thionin, 222

P

PAP, see Pokeweed antiviral protein
Papillae, 159, 161, 219
Parsley, 196, 199-200
Pathogen virulence genes (avr) genes, 196
Pathogenesis-related protein (PR) genes
genetic studies on expression,
200-201
pathogens activated by different
pathways, 197-198
signals and putative receptors that
activate expression, 196197
transcriptional regulation of
expression, 198-200
transgenic plants
cosuppression, 268, 271
overexpression, 262-266
rice, 266-268, 269, 270
Pathogenesis-related proteins (PRs)
functions, 9—-12
induction in pathological or related
situations, 1-5
occurrence and properties, 5-9
PCD, see Programmed cell death
PDFI genes, 201, 253, 254
Pea, 254
Pep25 elicitor, 200, see also Elicitors
Perenospora tabacina, 266
Permeability, membranes, 212
Peroxidase
characterization of plant, 173-181,
182
enzyme activity correlation with
resistance, 172—-173
gene expression, 183—-185



286

lignin-forming and PR protein
homologs, 7
organization of plant genes, 181, 183
potential role in pathogen defense
in transgenic plants, 185-186
Peroxide, 27-28
Petunia, 53, 264
Phaseolus vulgaris, 161
Phenolic compounds, 172
Phospholipases, 213-214
Phospholipid binding site, 212, 213, 214,
217
Phylogenetic analysis, 24
Phylogenetic clustering, 175-181, 182
Phylogram, 237, 238
Phytoalexin, 158, 196
Phytohormones, 29-30, 35
Phytophthora spp.
function of PR proteins, 11
gene expression in PR proteins, 196
B-1,3-glucanases, 58-59
hydroxyproline-rich glycoproteins,
162, 164
osmotin protein overexpression, 121
PR-1 proteins, 25
proteinase inhibitors, 136
transgenic plants, 264, 265, 266
PI, see Proteinase inhibitors
Pileup, 237, 238
Pinus taeda, 84
PIR proteins, 123-124
Plant peroxidase superfamily, 173-175, see
also Peroxidase
Plant
—fungal interactions, 240-241
—insect interactions, 139-143
—microbe interactions, 136-139, 165
—viral interactions, 239-240
Plasmodiophora brassicae, 215
Plasmolysis, 115
Pokeweed antiviral protein (PAP), 236,
239-240, see also Ribosome-inactivating
proteins
Poliovirus, 137
Pollen, 52-53
—pistil interactions, 256
Pollen tube growth, 53, 54
Polycations, 164
Polyphenoloxidase (PPO), 144
Pores, formation, 212
Potassium chloride, 252
Potato
proteinase inhibitors, 135, 139, 140,
141

Pathogenesis-Related Proteins in Plants

plant defensin gene expression, 254
transgenic plants, 121, 265
Win protein structure, 87
Potato I inhibitors, 135, see also Serine
proteinase
Potato II inhibitors, 135, see also Serine
proteinase
Potato proteinase inhibitor gene, 269
Potato tuber lectin (PTL), 165, see also
Solanaceous lectins
Potyvirus, 137
Powdery mildew, see Erysiphe graminis
PPO, see Polyphenoloxidase
PR-1 family
characterization, 22-25
expression/induction, 25-32
promoter analysis, 32-36
PRI genes, 22-24, 200
PR-1-like proteins, 31
PR-11 family, 8687, 94, see also Chitinases
PR-2 family
biological functions, 52—-60
regulation, 60—65
structural classes and nomenclature,
50-52
PR-3 family, see also Chitinases
Chia genes structure and regulation,
94-95
protein structure, 79—-84
PR-4 chitinases, 92
PR-4 family, see also Chitinases
Chid genes structure and regulation,
95
protein structure, 87-88, 89
structure, 88, 89
PR-5 domains, 123
PR-5 family
biological properties, 113—115
cDNAs and genes, 119-120
disease resistance and overexpression
in transgenic plants, 120-122
do other defense proteins have PR-5
domains, 123
extracellular targeting, 122
occurrence, 108-109
physicochemical properties,
109-113
regulation of expression, 116-119
signal transudation pathway and
osmotin interference, 123-124
PR-6 family
future prospects, 147
occurrence and structure of protein-
ase
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inhibitors with potential defensive
capabilities, 133-136
proteinases and proteinase inhibitors
plant—insect interactions, 139-143
plant-microbe interactions,
136-139
regulation of proteinase inhibitors as
inducible plant defense proteins,
143-147
PR-8 family, 84-86, 94, see also Chitinases
Preproproteins, 215, 217, see also
Thionins
PR-like protein (PRLs), 7-8, 50, 52, 53
PRLs, see PL-like proteins
PRms genes, 200
Processing, thionin, 215-218
Programmed cell death (PCD), 123-124,
237, 239, see also Suicide factor
Promoter analysis, 32-36
Prosystemin, 266
Prosystemin gene, 142
Protease, 97-98, 109
Protein bodies, 217
Protein kinase C, 30
Proteinase inhibitors (PI)
induction in infected plants,
136-137
isolation and function, 132—-133
microbial proteinases and, 137-139
occurrence, structure, and defensive
capabilities, 133-136
regulation and induction of plant
defense proteins, 143-147
Proteolytic enzymes, 138
PR-P69, 146-147
Pseudolysozymes, 91
Pseudomonas spp.
gene expression in PR proteins,
197
3-1,3-glucanase expression, 62, 64
proteinase inhibitors, 136, 145-146
peroxidase, 173
plant defensin induction, 254
thaumatin-like protein, 116
thionins, 219
hydroxyproline-rich glycoproteins,
164
Pti proteins, 199
PTL, see Potato tuber lectin
Pto genes, 199, 262
Puccinia graminis, 116, 172,219
Purothionin, 208, 212, 214, 215, see also
Thionin
Pyrenopeziza brassicae, 138
Pyrenophora teres, 219
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Pyrularia pubera, 211

Pyrularia thionin, 213-214, see also
Thionin

Pythium dimorphum, 254

R

Radish
plant defensin induction, 248,
253-254, 255
thionin isolation, 211
RC24 chitinase transgene, 267
RC7 chitinase transgene, 267-268
Reactive oxygen species (ROC), 27, 28, 31,
197
Red flour beetle, 141
Redox reactions, 214
Regulation
B-1,3-glucanase expression
cis-acting elements, 63—-64
developmental and hormonal,
60-61
pathogenesis-related, 62—63
signal transduction and trans-
acting elements, 64—65
hydroxyproline-rich glycoproteins,
161-163
plant peroxidase genes, 184185
ribosome-inactivating proteins, 237,
239
thionin, 220
Reporter-gene, see B-Glucuronidase (GUS)
reporter-gene
Reproduction
chitinase role, 12
-1,3-glucanase role, 52-56
Resistance (R) gene, 196, 197
Retaining mechanism, 89-91, see also
Chitinases
Rhizobium spp., 162, 163, 173
Rhizoctonia spp.
overexpression of PR-5 proteins,
121-122
ribosome-inactivating proteins, 240,
241
thaumatin-like protein, 116
transgenic plants, 263, 264, 267-268
Rhynchosporium secalis, 219
Ribonucleases, 7
Ribosome-inactivating proteins (RIPs)
engineering chimeric and targeted,
242,243
expression in transgenic plants and
defense, 264-265
perspectives, 242
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physiological roles and regulation,
237,239
plant
—fungal interaction role, 240-241
—viral interaction role, 239-240
structural classification, 236-237,
238
Ribulosebisphosphate carboxylase
(Rubisco), 2
Rice
class VII chitinase isolation, 83
ethylene-induced PR-1 gene
expression, 31
pathogen resistance, 172
proteinase inhibitor activity, 142
stress and peroxidase gene
expression, 183
thaumatin-like protein induction,
116
transgenic plants, 121-122,
185-186, 266268
Rice weevil, 141
Ricin, 236, see also Ribosome-inactivating
proteins
RIP 30, 236, 240-241, 242, 243, see also
Ribosome-inactivating proteins
RIPs, see Ribosome-inactivating proteins
ROC, see Reactive oxygen species
Rs-AFP1, 248, 250, 251, see also Defensins
(plant)
Rs-AFP2, 251252, 266, see also Defensins
(plant)
Rubber tree, see Hevea brasiliensis
Rubisco, see Ribulosebisphosphate
carboxylase

S

SA, see Salicylic acid
SA-binding protein (SABP2), 28
SABP2, see SA-binding protein
Saccharomyces cerevisiae, 11, 84
SAG, see Salicylic acid-B-glucoside
Salicylic acid (SA)
gene expression in PR proteins, 197,
200, 201
3-1,3-glucanase expression, 62—63
induction of PR protein in plants,
4-5
plant defensin gene expression, 254
PR-1 proteins
induction/expression, 25-29
promoter analysis, 32-35
proteinase inhibitor induction, 146
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thaumatin-like protein induction,
118
thionin induction, 218
Salicylic acid-B-glucoside (SAG), 26, 29
Salts, 115,252
SAR, see Systemic acquired resistance
a-Sarcin, 236, see also Ribosome-inactivating
proteins
Secondary messengers, 197
Seed germination
3-1,3-glucanases, 55, 56
plant defensins, 255
thaumatin-like protein, 109
thionin, 217
Senescence, 32, 237, 239
Septoria nodorum, 219, 220
Serine proteinase, see also Proteinase
inhibitors
antimicrobial activity, 138
digestive proteinases of insects and
activity, 140-141
insecticidal activity of Bacillus
thuringiensis, 143
mechanical wounding and induction,
140
occurrence and potential role in
plants, 134-135
Serratia marcescens, 264
Sheath blight disease, see Rhizoctonia solani
Signal molecules, 10-11, 24, 118, 162
Signal transduction pathways
3-1,3-glucanase expression and
trans-acting elements, 64—65
induction of PR proteins in plants,
4-5
osmotin interference, 123-124
peroxidase gene regulation, 184-185
plant defensin gene expression,
254-255
proteinase inhibitor induction,
145-146
thionin genes, 220
Silent phenotypes, 271
Silver nitrate, 254
S-locus receptor kinase (SRK), 123
Solanaceous lectins, 165
Somatic embryogenesis, 12, see also
Embryogenesis
Sorghum seeds, 256
Soybean, 57-58
Sp41 genes, 53-54
SPC, see Subtilisin-related proprotein
convertases
Spodoptera spp., 25, 141, 142
Spores, 114, 115, 138
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SRK, see S-locus receptor kinase
Stagonospora nodorum, 136
Stem borer, 142
Stem rust fungus, see Puccinia graminis
Sterility, 53
Stinging nettle, see Urtica dioica
Storage proteins, 215
Streptomyces griseus, 79, 82
Stress
hydroxyproline-rich glycoproteins
induction, 162
induction of PR proteins, 9, 10
plant peroxidase gene expression/
regulation, 183-185
thaumatin-like protein accumula-
tion,
108, 109
Structure
chitinases
family 18, 84
other related proteins, 87
PR-3 (family 19, genes Chia),
79-84
PR-4 family, 87-88, 89
PR-8/class 111, 84-86
PR-11, 86-87
3-1,3-glucanases classes, 50
hydroxyproline-rich glycoproteins,
158-159
plant defensins, 247-248, 249
activity relationships, 251-252
plant peroxidases, 173-175
ribosome-inactivating proteins, 236
thaumatin-like proteins, 109, 113
thionin, 211-212
Stylossanthes humilis, 184
Subtilisin-related proprotein convertases
(SPC), 146-147
Sugar beet, 83, 139, 254, 263
Suicide factor, 235, see also Programmed
cell death
Sweetness receptors, 113
swinl.l genes, 140
Synergism, 139, 213-214, 240
Systematic acquired resistance (SAR)
3-1,3-glucanase expression, 62, 63
pathogenesis-related proteins
relation, 4
virus infection, 7, 21
PR-1 gene induction/expression, 28,
30
Systemin, 144-145
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T

Tagl protein, 52
Taste, 113
TGA 1a transcription factor, 35
Thl.2 gene, 255
Thaumatin-like protein, 12, 265-266, 268,
269, see also PR-5 family
Thermal denaturation, 214
Thi2 gene, 201, 220-222
Thionins
Arabidopsis spp., 220-222
barley leaf, 218-220
distribution, 208-211
function, 214-215
genetic engineering, 222
inclusion in PR protein family, 6
processing and localization,
215-218
PR protein activity, 9
structure, 211-212
synergism and proteinase inhibitor
activity, 139
toxicity, 212-214
TIMP genes, 146
TMYV, see Tobacco mosaic virus
Tobacco
chitinases and antifungal activity, 96
classification of PR proteins, 5
3-1,3-glucanases and seed
germination, 54, 55, 56
induction of PR proteins, 1-3
plant defensin induction, 254
proteinase inhibitors induction, 136
structure and regulation of genes, 94,
95
thaumatin-like proteins, 119
transgenic plants
chitinase antifungal activity, 263,
264
3-1,3-glucanases, 58-59
3-1,3-glucanase transgene
expression, 264
hordiothionin function, 215
osmotin expression and defense,
265
overexpression of PR-5 proteins,
121
PR-1 and Rs-AFP2 gene
expression, 266
PR-1 proteins, 25, 32-33
proteinase inhibitor activity,
142-143
ribosome-inactivating proteins
expression, 265
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salicylic acid-induced PR-1 gene
activation, 28
viral infection and PR proteins, 22
Tobacco hornworm, see Manduca sexta
Tobacco mosaic virus (TMV)
antiviral activity of pokeweed
antiviral protein, 240
3-1,3-glucanases, 54, 59, 62
induction of PR protein, 1, 2
PR-1 proteins, 26, 32-35
proteinase inhibitors induction, 136
Tobacco ring spot virus, 116
Tomato
abscisic acid-induced accumulation
of osmotin, 117
classification of PR proteins, 5, 7
gene expression of PR protein, 197
B3-1,3-glucanases, 58, 64—65
lignification, 172
PR-1 proteins, 25
proteinase inhibitors induction, 135,
136, 139, 144, 145
thaumatin-like protein induction and
osmotic stress, 117
transgenic plants, 186, 264
Tomato moth, see Lacanobia oleracea
Tomato planta macho viroid (TPMV), 116
Toxicity
peroxidase and resistance
correlation, 175
thionin, 208, 211, 212-214
TPMYV, see Tomato planta macho viroid
trans-Acting elements, 64-065, see also cis-
Acting elements
Transcription, 198
Transgene silencing, 271
Transgenic plants, see also Individual
entries
abscisic acid-induced accumulation
of osmotin, 117-118
antifungal activity
chitinases, 96
ribosome-inactivating proteins,
240-241
thaumatin-like proteins, 114
cosuppression of PR proteins, 268,
271
overexpression
pathogenesis-related proteins,
262-268
PR-5 proteins, 120-122
pokeweed antiviral protein and
antiviral activity, 240
proteinase inhibitor activity and
digestive proteinases of insects,
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141-143
thionin induction, 221
Trees, 140, see also Wounds
Trichoderma spp., 95, 114, 240, 241
Trichosanthin, 236, see also Ribosome-
inactivating proteins
Trypsin inhibitor, see also Proteinase
inhibitors
dietary intake and biological cycle in
lemmings, 143
insect reproduction, 142-143
plant-microbe interactions, 136,
138, 139
resistance in transgenic plants, 266
thaumatin-like proteins, 115
Tulipa gesneriana, 208
Turnip, 138
Tyrosine residues, 214

U

Ultraviolet (UV) light, 25, 31
Urtica dioica, 83, 96

\%

Vacuoles, 24, 50, 217
Vegetative tissues, 256
Verticillium spp., 172, 184, 252
Vicia narbonensis, 87
Virus
3-1,3-glucanase-deficient plants,
59-60
PR-1 proteins, 25, 29, 31
properties of PR proteins, 6—7
proteinase inhibitors, 137
solanaceous lectin accumulation,
165
thaumatin-like protein induction,
116
Viscotoxin, see also Thionin
isolation from mistletoe, 208, 210,
211
processing and localization, 217
thermal denaturation, 214
toxicity, 212
Viscum album, 208, 211
Volicitin, 145

w

wali genes, 140
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W-box, 199-200
Western corn rootworm, 141
Wheat, 139, 140, 208
‘White clover, 173
White fly, 142-143
Win, see Wound-induced protein
win3 genes, 140
Wine, 97
Winter rye, 115
wip 1 genes, 140
Wound-induced (Win) protein, 87
Wounds
hydroxyproline-rich glycoproteins
induction, 162
induction of PR proteins, 4-5
osmotin induction, 118-119
peroxidase induction, 173, 184
PR-1 proteins induction/expression,
26
proteinase inhibitor induction,
139-140, 143, 144, 145
RC24 induction, 267
solanaceous lectin accumulation,
165
thionin induction, 219
WRKY genes, 200

X

Xa2l genes, 262

Xanthomonas spp.
lignification, 172
peroxidase gene regulation,

183-184, 185
proteinase inhibitor activity,
137-138
Y
Yeasts, 212

Yeast-two hybrid assay, 199
ypr genes, 5, 8

y4

Zea mays, 162
Zeamatin, 113, 114
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Since the discovery that several of the PR-proteins had antimicrobial
or insecticidal activity and can delay the progression of diseases
caused by several pathogens belonging to diverse genera, research
has been focused on the isolation, characterization, and regulation
of expression of pathogenesis-related proteins.

Pathogenesis-Related Proteins in Plants analyzes the practical
aspects of employing PR-proteins for plant protection in a possible
role as the first or last line of defense against pathogens and pests.
In addition, PR-proteins expressed in apparently healthy tissues during
normal plant growth such as seed development and flowering may
have additional unsuspected roles in morphogenesis or in symbiosis.
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resistance to diseases and insects
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