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Summary - The hypersensitive reaction to a pathogen is one of the most efficient defense mechanisms in nature and leads to the 
induction of numerous plant genes encoding defense proteins. These proteins include: 1) structural proteins that are incorporated into 
the extracellular matrix and participate in the confinement of the pathogen; 2) enzymes of secondary metabolism, for instance those of 
the biosynthesis of plant antibiotics; 3) pathogenesis-related (PR) proteins which represent major quantitative changes in soluble pro- 
tein during the defense response. The PRs have typical physicochemical properties that enable them to resist to acidic pN and proteo- 
lytic cleavage and thus survive in the harsh environments where they occur: vacuolar compartment or cell wall or intercellular spaces. 
Since the discovery of the first PRs in tobacco many other similar proteins have been isolated from tobacco but also from other plant 
species, including dicots and monocots, the widest range being characterized from hypersensitively reacting tobacco. Based first on 
serological properties and later on sequence data, the tobacco PRs have been classified in five major groups. Group PR- I contains the 
first discovered PRs of 15-17 kDa molecular mass, whose biological activity is still unknown, but some members have been shown 
recently to have antifungal activity. Group PR-2 contains three structurally distinct classes of 1,3-P-glucanases, with acidic and basic 
counterparts, with dramatically different specific activity towards linear 1.3~P-glucans and with different substrate specificity. Group 
PR-3 consists of various chitinases-lysozymes that belong to three distinct classes, are vacuolar or extracellular, and exhibit differen- 
tial chitinase and lysozyme activities. Some of them, either alone or in combination with 1,3$glucanases, have been shown to be 
antifungal in vitro and in vivo (transgenic plants), probably by hydrolysing their substrates as structural components in the fungal cell 
wall. Group PR-4 is the less studied, and in tobacco contains four members of 13-14.5 kDa of unknown activity and function. Group 
PR-5 contains acidic-neutral and very basic members with extracellular and vacuolar localization, respectively, and all members show 
sequence similarity to the sweet-tasting protein thaumatin. Several members of the PR-5 group from tobacco and other plant species 
were shown to display significant in vitro activity of inhibiting hyphal growth or spore germination of various fungi probably by a 
membrane permeabilizing mechanism. We have isolated several other tobacco PRs that cannot be classified in these five major groups: 
two hydrolases with a-amylase activity, two inhibitors of microbial proteases, two peroxidases, two basic proteins of 16 and 45 kDa of 
unknown activity. In conclusion, among the 33 isolated tobacco PRs, 31 have been characterized and 25 are members of live mjor 
groups also found in other plant species. Most of the PRs (groups PR-1, PR-2, PR-3, PR-5, a-amylases, inhibitors of microbial pro- 
teases) can be considered as direct antimicrobial defense proteins or enzymes. Some of them might also be indirectly antimicrobial, 
for instance PRs-2 and PRs-3 by releasing elicitor-active oligosaccharides, and peroxidases by catalysing cross-linking of macromol- 
ecules in the cell wall. 

hypersensitive response / chitinase-lysozyme / 1,3=f%glucanase / proteinase inhibitor / membrane permeabilization 

Introduction from which the highest number of PR-proteins have 
been characterized so far. 

Pathogenesis-related (PR) proteins were first detected 
in the early 1970s [ 1, 21 in tobacco leaves reacting 
hypersensitively to tobacco mosaic virus (TMV). This 
is the biological system that we are also using and 

*Correspondence and reprints 

The hypersensitive reaction to pathogen attack is 
considered as a very strong defense response induced 
in plants by the pathogen itself. It follows the pheno- 
menon of gene-for-gene complementarity [3-6] be- 
tween plant and pathogen. In the presence of domi- 
nant, matching alleles of a pathogen avirulence gene 
and of a plant disease resistance gene, recognition 
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occurs and the plant responds to infection by produc- 
ing the hypersensitive response 17-91. Necrotic 
lesions are formed around the initial sites of patho- 
genic attack. The pathogen will be restricted to a zone 
of cells surrounding the necrotic lesions, as a result of 
a very intense defense response that is induced in this 
ring of cells [lo]. In the case of the hypersensitive res- 
ponse of tobacco to TMV, the zones of highly-induced 
defense responses can easily be detected under UV 
light as rings of cells exhibiting bright blue fluor- 
escence and surrounding the necrotic lesions. These 
cells have accumulated derivatives of the phenyl- 
propanoid pathway [ 1 l-131, some of which are ho- 
rescent, and thus represent good indicators of defense 
responsive cells. Other low molecular mass compo- 
nents accumulate equally well in these cells and have 
antimicrobial activity, the so-called ‘phytoalexins’ 
[ M-1 71. But many other changes occur in the same 
cells [ 10, 18, 191. For instance, cell wall thickening 
and reinforcement by deposition of various macro- 
molecules such as carbohydrates (callose), proteins 
[20] and hydroxyproline-rich glycoproteins [2 I], 
aromatic polymers such as lignin, lignin-like material 
or other yet undefined cell wall bound phenolics [22, 
231. Another important change which occurs in the 
fluorescent cells is the production of the numerous 
PR-proteins which, after a few days post-inoculation, 
may account for 10% of the content of the leaves in 
soluble proteins [ 24-293. 

Some of these changes are strictly localized around 
the infection sites, for instance the accumulation of 
fluorescent phenylpropanoid metabolites of tobacco 
[ 121 or generally in most plant species the production 
of low molecular mass antimicrobial substances [ 10, 
19). However, some of the changes are also induced at 
distance from the infection sites and even in uninocu- 
lated and uninfected purts of partially-infected plants, 
though to a much lower extent than locally, This is the 
case for some of the PR-proteins, whose production in 
uninoculated tobacco leaves represents $-lo% of their 
production in inoculated hypersensitively reacting 
leaves. Even though this ‘systemic’ defense response 
is of much lower cellular intensity than the local 
response it still represents a massive amplification in 
the responrse since it concerns the whole plant, Further- 
more, this systemic defense response is accompanied 
by the phenomenon of ‘systemic acquired resistance’, 
lf part of a plant has already reacted hypersensitively 
to a pathogen, the uninoculated parts of this plant 
develop an increased state of resistance evidenced by 
smaller lesions and greater restriction of the infection 
upon challenge inoculation by the same or any other 
unrelated but necrotizing pathogen [30-371. Since the 
PR-proteins are induced in parallel with the appear- 
ance of systemic acquired resistance they are believed 
to Participate in its efficiency, but a causal relationship 

has still not been clearly proven. They represent also 
very interesting and sensitive markers for the search 
of the signals involved that are moving from the 
primary sites of necrotizing infection to distant sites 
where both systemic acquired resistance and PR- 
proteins are induced [38]. 

Occurrence, induction and general properties of 
PR-proteins 

Since the discovery of the first four PR-proteins in 
tobacco [ 1,2], many other proteins with similar physi- 
cochemical and induction properties have been iso- 
lated from tobacco (see below) as well as from many 
other plant species, including dicots and monocots. 

It has been reported that PRs are produced during 
the response of plants to infection by viruses, viroids, 
bacteria or fungi (for reviews see [26, 39-431). Very 
interestingly, they are produced constitutively in inter- 
specific hybrids which exhibit high constitutive resist- 
ance to viral infection [44]. However, at least some 
members of the different PR families have been found 
to be induced under treatments with chemicals such as 
polyacrylic acid [45], amino acid derivatives [46], 
heavy metal salts [49, 481, aspirin and salicylic acid 
[40, 42, 49-541 and air pollutants [SS, 561. Some PRs 
are also induced by treatments with phytohormones. 
Even though cases of induction by auxins [59, 581 or 
cytokinins [59, 601 are known, the pattern of induc- 
tion by these two hormones is unclear, except under 
conditions of strong disturbance in the balance be- 
tween them which lead to high induction of various 
families of PRs [61-651. Some PRs are induced under 
osmotic stress or salt stress conditions [66, 691 with a 
possible involvement of abscisic acid [68]. Another 
phytohormone, ethylene, considered as a ‘stress’ hor- 
mone, is a potent inducer of PR proteins [58-60, 69- 
773. PR production has also been shown to be deve- 
lopmentally regulated in healthy plants since high 
levels of some PRs have been reported in roots and 
senescent leaves [60, 62, 64, 66, 78, 791, and during 
flowering [N-84]. 

Since PRs are induced under so many different 
conditions where pathogens are not involved, should 
they still be called ‘pathogenesis-related’? In fact, the 
widest range of PRs in a given plant species is 
induced in response to pathogens (see below) and, 
therefore, this name appears still justified. Further- 
more, it is known that during response of plants to 
pathogens, and particularly in necrotic infections, 
metabolic alterations include the production of the 
stress hormones ethylene and possibly abscisic acid, 
the synthesis and migration of the strong PR inducer 
salicylic acid [51-53, U-871 and changes in the 
balance between auxins and cytokinins. As mentioned 
above, all these individual changes have the potential 
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to induce the production of a given set of PRs, and, 
hence, it is not surprising that the response to necrotic 
infections which produces a combination of these 
inducers is accompanied by the induction of the 
widest array of PRs. 

PR-proteins display very characteristic physico- 
chemical properties which aid in their detection and 
isolation: 1) they are very stable at low pH and remain 
soluble (for instance in an extraction buffer of pH 2.8) 
whereas most other plant proteins are denatured; 
2) they are relatively resistant to the action of proteo- 
lytic enzymes of endogenous but also exogenous 
origin; 3) they are monomers (with a few exceptions, 
see below) of rather low molecular mass (8-50 kDa); 
4) they are localized in compartments such as the 
vacuole, the cell wall and/or the apoplast. Properties 
l), 2), and 4) are tightly related, ie the high level of 
resistance of PRs to acidic pH and to protease action 
appear to be well adapted to these harsh environments 
where they occur. Resistance to proteases also 
suggests that the PRs have a low turnover. There has 
been a report, however, indicating a degradation of 
PRs by an extracellular aspartyl protease which might 
be responsible for PR turnover in tomato [88]. 

One can wonder whether the conditions of induc- 
tion or these physicochemical properties should be 
taken into account to define a protein as pathogen- 
related. In the opinion of the authors, rather than 
givi:>g priority to the induction conditions which are 
common to many other defense-related proteins and 
enzymes, one should consider high resistance to very 
acidic medium and to proteases as an additional 
property of PRs, since they enable these proteins to 
survive in very hostile environments to which they are 
targeted: the vacuolar compartment, the intercellular 
spaces and the cell wall. 

Classification of PR-proteins 

The first four discovered PRs [ 1, 21 could easily be 
detected because of their very high mobility in native 
basic polyacrylamide gels and because they migrated 
to a zone of the gel containing very few other cellular 
proteins. Other, less mobile PRs were present in the 
same gels but could not be resolved from the nume- 
rous proteins with similar mobilities. The procedure 
of extraction at low pH introduced in the late 1970s 
eliminated most of the less mobile proteins, and a 
comparison of the gels loaded with extracts from 
tobacco leaves reacting hypersensitively to TMV or 
from healthy leaves revealed six other bands of PRs 
[24]. These 10 major acidic tobacco PRs were well 
resolved upon electrophoresis on these native basic 
gels and their nomenclature was based on their 
relative electrophoretic mobility. They have been 

referred to as PR-1 a, -lb, - lc, -2, -N, -0, -P, -0, -R 
and -S in order of decreasing mobility (fig 1) [89]. 
PR- 1 a, - 1 b and - lc were studied extensively and 
shown to be serologically related. We purified to 
homogeneity the seven other PRs [27, 901 and 
demonstrated that they were members of three other 
distinct serological families containing PR-2, -N and - 
0, PR-P and -Q, PR-R and -S, respectively [90]. The 
availability of these proteins in their native form 
enabled us to assign biological functions to five of 
these proteins which have remained mysterious for 
15 years: we demonstrated that PR-2, -N and -0 had 
endo-1,3-P-glucanase activity [91] and that the major 
proteins PR-P and -Q had endo-chitinase activity [92]. 
This finding could then be extended to other plant 
species from which PRs were also identified as endo- 
1,3-P-glucanases or endo-chitinases [93-981. 

In the late 198Os, proteins similar to those of 
tobacco were detected or characterized in many plant 
species, their cDNAs and gene(s) cloned, so that 
many sequence data became available. They con- 
firmed sequence similarities between the PRs men- 
tioned above having chitinase or glucanase activity 
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Fig 1. Serological relationships between the 10 acidic extra- 
cellular PR-proteins initially detected in tobacco by their 
resistance to acidic pH and to protease cleavage [24]. A 
mixture of the 10 proteins purified according to [90, 991 
were submitted to slab gel electrophoresis under non-dena- 
turing conditions, as described in [92]. After electrophoretic 
transfer onto nitrocellulose sheets, the proteins were stained 
with amido black (lane NA) or immunodetected with sera 
raised against proteins PR-S, -R, -Q, -P, -0, -N, -2 and -1 b 
(lanes Ss, SRI S,, Sp, So, SN, Sz and Sib, respectively), or 
incubated with a preimmune serum (lane S,). Note that the 
proteins are well resolved from each other under the native 
conditions of electrophoresis used and that, in addition to 
the known PR-1 serological group containing three proteins 
[26, 891 there are three other distinct serological groups 
including two, two and three proteins, respectively. 
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Table I. The tobacco PR-1 group: antifungal proteins. Pro- 
teins PR- I a, - .I b and - 1 c were isolated according to [27,90]. 
Protein PR-1 g has been isolated recently by the authors 
(unpublished results) and its amino acid sequence is almost 
identical to that deduced from previously described cDNA 
and genomic clones [ 109, 1 IO]. The nomenclature is that 
proposed in [29, 1111. Similar boxes indicate demonstrated 
serological relationships. Molecular mass values are either 
deduced from corresponding cloned cDNA or calculated 
from relative mobility upon electrophoresis of the proteins 
under denaturing conditions. Values of pI are calculated 
from the amino acid sequences or elution pH have been 
measured in chromatofocusing experiments. The local- 
ization is referred to ‘ext’ for extracellular and ‘int’ for intra- 
cellular occurrence of the proteins. 

Natm Mdecdar mass Ehttion pH Lncakation Biological 
(kDa) ((‘!II%)nlatOfOclIsillR) activity 

15.5 
15.5 

15 

17 

<7 
4.5 

4.7 

>7 

ext 
ext 

ext 

ext 

antifungal 

antifungal 

? 

? 

and well known constitutive plant chitinases and ght- 
canases, respectively. However, they usually did not 
give any clue to the biological activity or function of 
the other families of PRs. 

We have extended our studies in tobacco by both 
molecular biology and biochemical approaches. 
Concerning the biochemistry, we used a combination 
of conventional and HPLC means of chromatography 
involving a cascade of steps based on various physi- 
cochemicul properties of the proteins [99], These 
steps include cation or anion exchange chromato- 
graphy, chromatofocusing, hydrophobic interaction 
and molecular sieving. By combining these steps we 
were able to isolate up to now from tobacco, that is 
still considered as a prototype system for PR-proteins, 
more than 30 PR-proteins. Isolation of these proteins 
in their native form allowed us to raise antibodies, but 
the major advantage of having them in the native form 
was the possibility to determine and compare their 
specific biological activities. 

Among the newly-isolated proteins some are 
related to the 10 acidic extracellular proteins already 
described in tobacco. Some are obviously members of 
new families in tobacco, but are related to proteins of 
other plant species. At the 3rd International Workshop 
on PR-proteins (Arolla, Switzerland, August l6-20, 
1992) it was agreed that to enable an easier compa- 
rison of related PR-proteins members between dif- 
ferent plant species, a common classification and way 
of nomenclature should be used. It was particularly 
agreed and recognized that five families or groups of 
PR-proteins have been found in most studied plant 

species and, thus, appear to be ubiquitous. 
The following paragraphs will describe these differ- 

ent groups and their possible role in defense, taking 
the tobacco PRs as the model system. 

The PR-1 group 

The present stage of knowledge concerning tobacco 
proteins of group 1 is summarized in table I. Tobacco 
acidic PRs of group 1 (PR- 1 a, - 1 b and - lc) were the 
subject of most of the earlier work. They were the first 
to be purified [27, 89, 1001 and were shown to belong 
to a serological group in tobacco and to be serologi- 
tally related to PRs from other plant species [94, 
10 1-I 031. cDNA clones encoding the acidic tobacco 
PRs of group 1 were isolated from cDNA libraries 
derived from mRNA extracted from leaves reacting 
hypersensitively to TMV [104-1081. It was shown 
that these three proteins have sequence similarity 
higher than 90% and that their increased synthesis is 
under transcriptional control. They are encoded by a 
small family of at least eight genes [ 1091 and several 
of these genes have been isolated from genomic libra- 
ries (for reviews see [40, 421). cDNAs and genomic 
clones corresponding to a basic protein which has 
approximately 65% similarity to PR- la, - 1 b and - lc 
have also been characterized from TMV-infected 
leaves [ 109, 1 lo]. Using the antibodies raised against 
tobacco acidic PR-I proteins, it was not possible to 
detect basic PR-l protein(s). Recently, we were able to 
isolate a basic 17 kDa protein and partial micro- 
sequencing indicated almost complete identity to the 
protein sequences deduced from the cDNA and 
genomic clones (E’ritig ~‘0 al, unpublished). According 
to the rules proposed by a nomenclature committee 
for PR-proteins, this basic member should be called 
PR-lg [ill]. 

Comparison of the amino acid sequences of all 
known PRs-1 with those available in data banks did 
not give any clue about the potential biological ac- 
tivity or function of these proteins [105, 1121. Since 
they were the first discovered PRs in response to 
viruses, they have been believed to participate in 
resistance to viruses or in their localization. Consist- 
ent with this hypothesis several treatments that 
induced PRs-1 in tobacco were also efficient inducers 
of resistance to viruses. Another strong argument was 
provided by the interspecific hybrids of Nicotiana 
glutinosa x Nicotiana debneyi that produced consti- 
tutively PRs-1 and were highly resistant to TMV [44]. 
This question was addressed further by producing 
transgenic tobacco plants expressing PR-la or PR-lb 
genes constitutively [ 113, 1141. In transformed plants 
the protein encoded by the chimeric gene was pro- 
duced and targeted to the extracellular spaces, as 
expected. However, these plants did not show higher 



levels of resistance to virus infection, and apparently 
represent an argument that breaks the correlation be- 
tween high levels of resistance to virus and high levels 
of PRs- 1. 

Some data are already available, suggesting that 
some PR-1 members have antifungal activity. It has 
been shown recently [ 1151 that three members of the 
PR-1 group from tomato had antifungal activity in in 
vitro assays against Phytophthora infestans. In the 
same assays, PR-la and PR-lb from tobacco showed 
lower but still significant activity of inhibiting Phyto- 
phthora infestans (Niderman and Fritig, unpublished). 
This activity observed in vitro for PR-1 a is consistent 
with recent results obtained in vivo by the group of 
John Ryals [38]: they observed that transgenic 
tobacco plants expressing constitutively high levels of 
PR- la exhibited a significant protection from infec- 
tion by Peronospora tabacina that causes the blue 
mold disease of tobacco. 

It will be now interesting to assay other PRs-1 of 
various plant species for antimicrobial activity and to 
investigate the molecular mechanism(s) involved. 

The PR-2 (1,3j%glucanase) and PR-3 (chitinase) 
groups 

Since the discovery that major tobacco PR-proteins 
had endo-chitinase [92] and endo- 1,3-P-glucanase 
activity [9 I], the literature on plant chitinases and 1,3- 
P-glucanases has grown to such an extent that a com- 
prehensive analysis is beyond the limitations of this 
review which will not deal with the structure and the 
regulation of their genes, but will focus merely on 
their biological activities and their role in defense. 

Properties and biological activities of PRs-2 (1,3-p- 
glucanases) 

Many 1,3-a-glucanases have been purified and cha- 
racterized (for a review see [ 1161). Like most of the 
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PR-proteins, they usually are monomers with a mole- 
cular mass in the 2535kDa range. Most are endoglu- 
canases, producing oligomers of chain lengths of 2-6 
glucose units from the classical substrate laminarin, 
an almost unbranched 1,3-P-glucan, or from other 1,3- 
P gl - ucans. Many glucanases from various plant 
species have been cloned and sequenced (for a review 
see [ 1171). On the basis of a comparison of the 
deduced amino acid sequences of tobacco 1,3-p-glu- 
canases, they have been grouped into three classes 
[ 118-1201. 

From tobacco we have isolated five distinct mem- 
bers (table II): four acidic enzymes and a major basic 
enzyme (that consists perhaps of several closely 
related isoforms, as suggested by two-dimensional 
polyacrylamide gel electrophoresis [67]). The latter is 
a class I enzyme, PR-2, -N and -0 are of class II, and 
another extracellular enzyme, PR-Q’ has to be con- 
sidered in the separate class III according to sequence 
data [ 1181. They all are serologically related [90, 9 11. 
A protein called O’, migrating like PR-0 in native 
basic gels [99], did not cross-react with anti-glucanase 
antibodies, has a dimeric structure, and was found to 
possess no glucanase activity after several successive 
chromatographic steps aimed to remove any contami- 
nation by PR-0. The acidic enzymes are extracellular 
[90, 911 whereas the basic counterpart occurs in the 
vacuoles 172, 12 I]. Another 1,3-P-glucanase called 
sp41 has been found in large amounts in specific 
flower organs [81]. Unlike other PRs of group 2, sp41 
is glycosylated and has not been found after TMV 
infection. 

We have measured the specific activity of these 
enzymes towards laminarin as the substrate, and, sur- 
prisingly found pronounced differences, exceeding 
two orders of magnitude (table II). It is noteworthy 
that there is no correlation between the level of 
sequence similarity and the relative catalytic activity 
of the enzymes: PR-proteins 2 and N show 99% 
amino acid similarity but N was found five times 

Table II. The tobacco PR-2 group: 1,3-P-glucanases. The proteins were isolated according to [90,9 1,991. The different classes 
are based on differences in amino acid sequence as described in [ I17-1201. Specific enzymatic acti\ ity has been measured with 
laminarin as the substrate as described in [91]. Relative specific activity is expressed as the percentage of the highest specific 
activity. For all other items, see legend to table I. 

Name Class 

II 

II 
II 

III 

I 

Molecular mass Elutiorz pH Localizatiorl Relative specijic 
(ma) (chromatofocusirtg) activities (940) 

_~ 

31 4.4 ext 0.4 

33 4.7 ext 1.8 

35 4.8 ext 85 

35 5.3 ext 3.8 

33 >7 int 100 
-- 
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Table III. The tobacco PR-3 group: chitinases - lysozymes. Proteins chi 34, chi 32, P and Q were isolated according to [90,92, 
991. Proteins chi 28, lys 28a, lys bl and lys b2 have been isolated recently by the authors (unpvblished results). The different 
classes are based on differences in amino acid sequence as described in [ 117, 123, 13 l-l 331. Chttmase and lysozyme activities 
wer: measured as described in [92] and [ 1261, respectively. For all other items, see legend to table I. 

Name Class 

la 

Ia 

Ib 

IIa 

IIa 

III 

Molecular mass Isoelectric point Localization Relative speci’c activities (o/o) 
(A-Da) (elution pH) Chitinase Lysozyme 

34 >7 int 100 10 

32 >7 int 100 10 

28 >7 ext 30 10 

27 (5.3) ext 20 0 

28 (5.8) ext 20 0 

28 4.4 ext 10 0 

( lya bl ) III 28 8.3 ext 10 80 

Clysb2) III 28 8.3 ext 20 100 
- 

more active than 2; likewise PR-0 is 93% similar to 
PR-2 in amino acid sequence but is 250 times more 
active. It has an activity similar to that of the basic 
glucanase, even though the two amino acid sequences 
are very different so that they fall into distinct classes 
(table II). This raises the problem of differences in 
substrate specificity between glucanases of a given 
plant species and also between glucanases of different 
plant species. 

Clear evidence for such differences in substrate 
specificity was obtained in a collaborative work with 
P Albersheim and A Darvill (Complex Carbohydrate 
Research Center, Athens, Georgh, USA). They purified 
to homsgc=ncity a soybean I ,3-P-gl~c~~nase 1122) that 
shows also high specific activity towards laminarin, 
like PR-proteins 0 ancl glut b of tobacco (table II). 
Preparations 01’ pure soybean glucanuse and of the 
most active tobacco glucunases were adjusted to the 
same activity towards laminarin and faced with 
another substrate consisting of a preparation of cell 
walls from the fungus Phytophthoru megasperma, a 
pathogen of soybean. Very striking differences in ac- 
tivity were observed for the different glucanases: the 
tobacco enzymes had no significant activity towards 
this substrate, whereas the soybean glucanase was 
very active (Fritig (II ul, unpublished). In conclusion, 
it appears that 1,3$glucanases may differ very much 
in specific activity towards a given substrate and more 
generally in substrate specificity. 

Properties and hiologicd uctivities ($ PRs-3 
(chitinasess-lysozymcs) 

A large number of chitinases have been purified and 
characterized (for reviews see [ 116, 1231). Like the 
glucanases they are usually monomers of 25-35-kDa 
molecular mass. Most plant chitinases characterized 

so far are endochitinases, producing chito-oligosac- 
charides of 2-6 N-acetylglucosamine units. Many 
purified plant endochitinasps also possess some lyso- 
zyme activity, ie they can hydrolyse P-1,4-linkages 
between N-acetylmuramic acid and N-acetylglucos- 
amine in the bacterial peptidoglycan [116, 124-1271. 
Likewise, most plant lysozymes show significant 
levels of chitinase activity [ 126-1283. Some chitinases 
also act as chitosanases but, in addition, specific chito- 
sanases are induced in plants in response to pathogens 
[ 1291. 

In response to TMV infection, tobacco plants pro- 
duce PR-P and PR-Q as the major acidic PRs. We 
showed [92J that they hydrolysed efficiently chitin, a 
polymer of p- 1,4=N=acetylglucosamine, that is a major 
component of the exoskeleton of insects and of the 
cell wall of most fungi. This was very surprising since 
the inducing pathogen, TMV, does not contain chitin. 
Furthermore, two other chitinases of basic isoelectric 
point (chi 32 and chi 34) were also found induced by 
TMV infection. Chi 32 and chi 34 are the most active 
enzymes and account for about 70% of the total chiti- 
nase activity in TMV-infected tobacco extracts. These 
forms have been detected in other situations, for in- 
stance in tobacco tissue and protoplast cultures [64,67] 
and, like other basic members of other groups of PRs, 
in roots and old leaves of tobacco [64]. The basic chi- 
tinases chi 32 and chi 34 have also lysozyme activity, 
in contrast to chitinases P and Q (table III). Recently a 
third basic chitinase, chi 28, closely related to chi 32 
and 34 has been isolated (Stintzi et al, unpublished). 
Furthermore, two other basic proteins, lys bl and lys 
b2, have been isolated and demonstrated to have high 
lysozyme activity on Mic~ococcus luteus cells (Stintzi 
et al, unpublished) and a significant chitinase activity. 
Antibodies raised against lys bl recognized lys b2 and 
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a novel acidic protein called lys 28a. The latter was 
purified and, surprisingly showed no significant lyso- 
zyme activity in the assay with Micrococcus luteus 
cells. Since at the pH of incubation there could be 
repulsion effects of negative charges between the 
enzyme and the substrate, we used another classical 
substrate of lysozymes, 4-methylumbelliferyl-chito- 
triose, and found that all three lysozymes had high ac- 
tivity towards this substrate (Stintzi et al, unpublished). 

Concerning the localization of the different members 
of tobacco chitinases-lysozymes, some are vacuolar 
proteins while others are extracellular. Till recently, all 
acidic tobacco proteins had been found to be extra- 
cellular and all their basic counterparts localized in 
the vacuoles [40]. Now, in addition to PR-lg (table I) 
which is an extracellular basic protein, table III 
reveals three other basic proteins that are targeted to 
the extracellular spaces: chi 28, lys bl and lys b2. 

Comparison of deduced amino acid sequences of 
cDNA and genomic clones indicates that there are 
at least three classes of chitinases in tobacco [ 1231. 
Class I contains the basic chitinases with 8 N-terminal 
cysteine-rich domain of approximately 40 amino acids 
and a highly conserved main structure, separated by a 
variable hinge region. Class II chitinases include PR-P 
and PR-Q and lack the N-terminal cysteine-rich 
domain but have a high amino acid sequence identity 
to the main structure of class I chitinases [ 130, 225, 
2261. In contrast, class III chitinases of tobacco have 
no similarity with class I and class II but are very 
similar to a cucumber chitinase having lysozyme ac- 
tivity [ 131-1333, 

Like for glucanases, chitinase structures appear 
very conserved in the plant kingdom. This was evi- 
denced by serological studies [48, 94-97, 134, 1351 
and from comparison of the decoded cDNA or gene 
sequences (for reviews see [ 117, 1231). Thus, class I, 
class II and class III chitinases have been found in 
various plant species. Recent studies have shown that 
a short C-terminal extension of a few amino acids in a 
tobacco class I chitinase was both necessary and suffi- 
cient for vacuolar localization [ 1361. Such sequences 
are also found in other vacuolar chitinases from 
tobacco, bean, potato, poplar and Arabidopsis [74, 
137- 1401 and these chitinases are designated as class 
Ia to distinguish them from class Ib found in Brassica 
nupus, pea, rice and barley [ 123, 141- 1431 and lacking 
this C-terminal extension, suggesting extracellular 
localization. In tobacco, chi 28 has an N-terminal 
sequence identical to chi 32 and chi 34 (Stintzi et al, 
unpublished); it is extracellular since it probably lacks 
also the C-terminal end present in chi 32 and chi 34. 

A fourth distinct class of chitinases, class IV, still 
not detected in tobacco, has been proposed to include 
chitinases present in sugar beet, rape and bean [ 123, 
1441. These class IV chitinases contain a cysteine-rich 

domain and a conserved main structure which are 
similar to those of class I chitinases but smaller due to 
several deletions. 

The antimicrobial activities of glycanhydrolases of 
groups PR-2 and PR-3 

It was suggested already in 1971 [ 1451 that chitinases 
and 1,3-P-glucanases may function as a defense 
against fungal pathogens, but support for this sugges- 
tion came much later when several plant chitinases 
were purified to homogeneity and shown to digest cell 
walls of pathogenic fungi [70, 1461 and when some of 
the extracellularly targeted PR-proteins were found to 
possess chitEnase [92] or 1,3-P-glucanase [91] activity. 

Direct antimicrobial activity of chitinases and 1.3-p- 
glucanases 

Antifungal activities in vitro of plant chitinases and 
1,3-P-glucanases have been studied with various bio- 
assays ([or reviews see [ 116, 1471). Antifungal ac- 
tivity of plant chitinases was first shown in a bioassay 
on agar plates with a saprophyte, Tlichoderma viride 
[ 1481. A similar bioassay was used by several groups 
to demonstrate a significant inhibition of growth of 
rapidly growing saprophytes [ 124, 134, 1491, but the 
results were rather disappointing with a number of 
phytopathogenic fungi examined, with some excep- 
tions [MO]. Using a modification of this bioassay with 
small filter disks laid on the agar and enzyme sol- 
utions ap lied to the disks it was shown that chitinases 
and 1,3- rp -glucanases purified from elicited pea pods, 
taken individually, were inhibitory only in exceptional 
cases to fungal growth around the filter disks [ 15 11. 
But combinations of the two purified enzymes in- 
hibited growth of most of the fungi studied and more 
or less mimicked the antifungal activity observed with 
the crude pea pod extracts [ 15 I]. Using a bioassay in 
microtiter plates that allows to observe the growth of 
fungi in liquid media and the same plant hydrolases, it 
was found that inhibition of growth of Nectria hae- 
matococca was only transient [ 1521, suggesting that 
the fungus apparently had the capacity to adapt to the 
chitinases and the 1,3-P-glucanases in its growth 
medium. However, the bioassay confirmed the syner- 
gistic effects of chitinase and 1,3$glucanase, that 
were also found for several of the tobacco hydrolases 
[ 153, 1541. A detailed analysis of the in vitro anti- 
fungal activities of individual hydrolases and of 
various combinations was made. Class I chitinases 
(table III) and class I glucanase (table II) were the 
most active in the lysis of hyphal tips and in inhibiting 
the growth of Fusarium solani germlings. The class 11 
isoforms had no effect if assayed individually. This 
again underlines the striking differences in substrate 
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specificity between glucanases (for instance PR-0 and 
glut b of table II) even if they exhibit similar capaci- 
ties of hydrolysing laminarin. Furthermore, class II 
chitinases showed limited inhibitory activity in any 
combination. Finally the most efficient system was 
shown to be a combination of class I chitinases and 
class I glucanases that provided strong synergistic 
effects. Synergistic antifungal activities were also 
observed for combinations of basic chitinases and 
basic glucanases purified from sugar beet and assayed 
against T’ichoderma viride and Cercospora heticola 
[ 1551. Since chitin and 1,3@glucan fibres are synthe- 
sized simultaneously in the apex of growing hyphae 
of filamentous fungi, and since these polysaccharides 
may cross-link and be overlaid with other material in 
cell wall distant from the apex, these results observed 
irr \yitr*o are not really surprising: nascent chitin of the 
hyphal apex is the most accessible to hydrolysis by 
chitinase [ 1231 and the effectiveness of a hydrolase 
may depend on the simultaneous action of another one 
to hydrolyse mixed chitin-glucan fibres. 

What about antimicrobial activity in vivo of glycan- 
hydrolases? First there are several lines of evidence 
obtained from immunocytochemical approaches that 
hydrolases are indeed produced in the vicinity of 
infection sites and accumulate around fungal cell 
walls in planta [ M-158]. Furthermore, there is gen- 
erally a spatio-temporal regulation so that glucanases 
and chitinases are produced simultaneously at the 
same sites, suggesting that synergistic effects required 
for optimal antifungal activity iw vitro are likely to 
occur irr viw. 

Since many chitinase and 1,3-P-glucanase cDNAs 
or genes have been cloned, the prospects for geneti- 
cally engineering plants with improved resistance by 
transformation with chitinase or/and glucanase genes 
are reasonably good, and this approach is now being 
utilized in many laboratories all over the world (for 
review see 1159, 1601). Several successful cases have 
already been reported. Tobacco and canola plants 
constitutively expressing high levels of a class I bean 
chitinase were more resistant against the root patho- 
gen, Rhizoctortia solani [ 150, I61 ], whose sensitivity 
in vitro to this chitinase was well documented by an 
immunocytochemical approach showing a progressive 
breakdown of labelled chitin [ 1621. Transgenic 
tobacco expressing high levels of either the tobacco 
class I basic chitinase, the tobacco acidic class III chi- 
tinase or the cucumber class III chitinase showed 
significant resistance against disease caused by Rhi- 
zoctonia solani [38]. Reduction in disease symptoms 
awed by the same fungus was also reported in trans- 
genie tobacco constitutively expressing a chitinase of 
bacterial origin [ 1631. In contrast, Nicotiana ,~y/\~e,sr,+,~ 
transgenic plants expressing high levels of the tobacco 
class I chitinase showed unaltered susceptibility to the 

leaf pathogen, Cercospor-a nicotianae. It is possible 
that the highly expressed chitinase, since it is located 
intracellularly, did not come to contact with the inter- 
cellular developing fungus. Since many fungi grow 
intercellularly, the manipulated enzymes should be 
targeted to the extracellular spaces. Such attempts are 
already under way, and the most potent antifungal 
tobacco hydrolases of class I have been modified at 
their C-terminus to be targeted to the extracellular 
spaces of transgenic plants. It was found [ 1531 that the 
extracellular washing fluids indeed contained the 
modified proteins that had retained full antifungal 
activity when assayed individually in vitro and their 
synergistic potential when used in combination. Ex- 
periments are now in progress to see whether targe- 
ting of the tobacco class I hydrolases to the extracel- 
lular space is an effective way of increasing fungal 
resistance. There is an example, however, that re- 
moval of the targeting sequence of the class I tobacco 
chitinase suppressed resistance against Rhizoctonia 
solani in transgenic plants [ 1641. There is also a report 
of an antibacterial resistance obtained in transgenic 
potato expressing constitutively phage T4 lysozyme 
[ 1651. It will be interesting to test antibacterial resis- 
tance by constitutive expression of plant lysozyme 
genes, for instance those of class III chitinases-lyso- 
zymes. 

In conclusion, direct antifungal activities of plant 
chitinases and 1,3+glucanases have been clearly 
demonstrated with various bioassays. It is very likely 
that plants use induction of these hydrolases as an ef- 
ficient defense response. Further results obtained from 
transgenic plants expressing high constitutive levels 
of hydrolases have to be awaited before it can be 
concluded that the strategy is valuable and mimics, at 
least partially, a pathogen-induced defense response. 
In this respect, the observations in [ 1521 are important 
showing that in vitro fungi are only temporarily in- 
hibited by chitinases and 1,3-P-glucanases and can 
adapt to even high levels of these hydrolases. Thus, a 
constitutively expressed high level may not be very 
effective in genetically-engineered defense, and it 
would be preferable to increase their levels suddenly 
in the vicinity of approaching hyphae. In natural 
induced defense, such as the hypersensitive reaction, 
levels of hydrolases are highly induced within a short 
time and operate in two successive lines: a first line of 
extracellularly-targeted enzymes and a second line of 
the vacuolar and very active enzymes released during 
hypersensitive cell death and collapse [7 11. 

Indirect antimicrobial activity of chitinases and glu- 
canases 

It has been known for some time that plant chitinases 
and 1,3-a-glucanases have a potential to partially 
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degrade fungal cell walls [70, 146, 15 11. The products 
released are oligosaccharides, some of which have 
been shown to be perceived by the plant cell as 
signals, so-called ‘elicitors’, and to induce active 
defense responses in the absence of any infection (for 
reviews see [ 16, 167, 1681). Indeed, chitin and chi- 
tosan oligomers and 1,3-p-glucans with some bran- 
ching have been shown to induce a set of metabolic 
alterations typical of defense responses [ 16, 167- 17 11. 
The biologically active oligochitins and oligochito- 
sans are thought to be released during the plant- 
pathogen interaction by the action of plant chitinases 
and chitosanases [ 168, 1701. This might lead to an 
amplification of the defense responses, some of the 
induced proteins being again chitinases [ 17 11. Concem- 
ing the occurrence and activity of glucan elicitors (for 
a review see [ 167]), many cases have probably to be 
re-examined since the discovery that the activity of 
fungal elicitor fractions believed to contain mainly 
glucans was due to proteinaceous or glycoprotein elici- 
tors [ 172-175, 2271. Indeed the elicitors active on 
soybean are glucans derived from the fungal cell wall 
and their structure has been clearly established [ 176, 
1773. It has also been shown that soybean endo-1,3-P- 
glucanases were indeed able to release elicitor active 
fragments from the fungal cell wall [122,178-l 801. 

In conclusion, plant chitinases and 1,3-j%glucanases 
are likely to play a dual role: they are directly antimi- 
crobial by hydrolysing structural components of the 
cell wall of microbes, furthermore they are also in- 
directly antimicrobial by releasing oligosaccharides 
that are active elicitors of defense responses and, in 
turn, may be responsible for the amplification of the 
defense responses [ 10, 18, 1671. 

The PR-4 group 

In tobacco four proteins of the PR-4 group have been 
isolated from TMV-infected leaves and named rl , r2, 
sl, s2 [ 18 11. They are all acidic proteins (table IV), 
with yet no known basic counterpart, and migrate on 

lbble IV. The tobacco PR-4 group: ‘win-like’ proteins. The 
proteins were isolated according to [ 181 J. For all other 
items, see legend to table i. 

Name Molecular Elution pH Localization Biological 
mass (chromato- activity 

Wa) focusing) 

r2 13 7.0 ext ? 
rl 14.5 7.0 ext ? 
s2 13 7.4 ext ? 
sl 14.5 7.4 ext ? 

-- 

the native basic gel system (see fig 1) in the vicinity of 
acidic PRs-5. In fact the couples rl/r2, sl/s2 migrate 
close to PR-R and PR-S, respectively. However, in 
denaturing gels, PRs of group 4 migrate as small 
13-l 4.5kDa proteins and are clearly distinguishable 
from other PRs [ 1811. They all are extracellular and 
serologically related to each other but do not show a 
serological relationship to other PRs or PR-groups. 
Primary structure deduced from cDNA clones is 
known for two of these proteins [ 182, 1831 and indi- 
cates 50% sequence similarity to Win1 and Win2 that 
are induced in potato in response to wounding. They 
show also significant similarity to the C-terminal 
sequence of hevein, a protein from latex of Hevea 
brasiliensis. Nothing is known about the biological 
function or activity of these proteins which have not 
been studied extensively. They represent also the less 
ubiquitous of the five PR-groups since only one 
similar protein has been described so far, a 15-kDa 
tomato protein [ 1841. 

The PR-5 group: Lthaumatin-like’ proteins 

In tobacco Samsun NN this group includes two almost 
neutral proteins named R and S (table V). These 
extracellular proteins were among the 10 initially 
detected on the native basic gel system [24] and we 
demonstrated [90, 1811 that they belonged to a dis- 
tinct serological group (see also fig I). They corres- 
pond probably to proteins R-minor and R-major found 
by others [ 1851 in the cultivar Xanthi nc of Nicotiana 
tubacum. Two basic serologically-related counterparts 
which accumulate also in infected leaves (table V) 
have been identified as osmotins [67, 1861. Osmotin 
had been previously found to accumulate in tobacco 
cells in response to salt stress [ 1871. The basic pro- 
teins of group PR-5 are localized in the vacuolar com- 
partment [67, 1871 whereas the slightly acidic-neutral 
members R and S are apoplastic [ 188, 1891. cDNAs 
have been cloned which correspond to acidic 1190, 
19 11 and basic [ 1921 tobacco PRs-5. There is more 

Table V. The tobacco PR-5 group: ‘thaumatin-like’ pro- 
teins. The proteins were isolated as described in [ I8 I, 1861. 
For all other items, see legend to table I. 

Name Molecular Elution pH Localization Biological 
mass (chr’omato- activity 

Wa) focusing) 

6.9 
7.5 
>7 
>7 

ext 
ext 
int 
int 

? 

antifungal 

antifungal 
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Table VI. Anti-fungal activity of PR-5 proteins estimated from inhibition of spore germination (S) or of hyphal growth (H). - -- __- ._.__ 

Proteins Fungus Effects References 

Gemrslspecies Class 

Osmotin (tobacco) Phytophthora iufestans Oomycetes WOI 
Candida albicans Hyphomycetes : 
Neurospora crassa Ascomycetes :%z; 
T~~ichoderma reesei Hyphomycetes 12091 

PR-S (tobacco) Cerrospora heticola Hyphomycetes H ]2091 

AP 24 (tomato) 

Thaumatin (T daniellii) 

Phytophthora iufestans 

Carrdida alhicans 

Oomycetes 

Hyphomycetes 

Zeamatin (corn) Carrdida alhicarts 
T~khoderma reesei 
Newospora crassa 
Frrsarium o.ryspor:mr 
Alternaria solani 

Hyphomycetes 
Hyphomycetes 
Ascomycetes 
Hyphomycetes 
Ascomycetes 

: 
S ]2W 

w41 
: 12241 

Trimatin (wheat) Candida alhicans 
Trichoderma reesei 
Newospora crassa 

Hyphomycetes 
Hyphomycetes 
Ascomycetes 

Protein R (barley) Caudida albicaus 
Tj-khoderma viride 
Fusarirmt cuysporwnr 

Hyphomycetes 
Hyphomycetes 
Hyphomycetes 

: 
r1971 
]I971 

S r 1971 

Protein S (barley) Hyphomycetes 
Hyphomycetes 
Hyphomycetes 

than 90% sequence identity between PR-R and PR-S 
and ml~:*e than 60% between the acidic and the basic 
counterparts. There is also 60% seyuence similarity 
between the acidic PRs-5 and tkaumatin, a sweet-tas- 
ting protein extracted from the afcican shrub, Tlrutr- 
Y)~(UOCYKUIIS ~lu~ielli; there fore, the proteins of group 
PR-5 are also called the ‘thaumatin-like PRs’. Thau- 
matin-like proteins have now been characterized from 
various plant species [ 193-201 J. Genes encoding 
acidic and basic forms of tobacco PR-5 proteins have 
been isolated 1202, 2031 and do not contain introns. 
At least two domains of the promoter are involved in 
the induction of acidic PR-5 upon TMV infection 
(204). Par basic PR-5 a study of tissue-specific 
expression indicates high expression in roots and 
stems and a possible involvement of abscisic acid in 
promoter activation during the response to salt stress. 
cDNAs encoding PRs-5 from several other plant 
species have been cloned [54, 197,205-2081, 

Concerning the search for a possible biological ac- 
tivity of proteins of the PR-5 group, the first attempts 
were based on sequence similarity to a bifunctional 
inhibitor of maize, an inhibitor of both trypsin and 

insect c+amylase [ 1933. We did not find this bifunc- 
tional activity in any of the isolated tobacco proteins 
of table V, and it is noteworthy that this activity has 
also not be reported for any of the numerous thau- 
matin-like proteins isolated by others (see table VI), 
including the maize protein zeamatin [ 199, 2091 that 
was found highly similar, if not identical, to the maize 
bifunctional inhibitor (Selitrennikoff, personal com- 
munication). Transgenic plants expressing constitut- 
ively acidic PR-5 were not protected from eating by 
Spodoptera exiga and H virescens larvae, as well as 
not being more resistant to infection by TlMV [ 1131. 

The first report on biological activity of a PR-5 pro- 
tein was the demonstration that zeamatin, a protein 
from maize, was antifungal with membrane per- 
meabilizing activity [2 lo]. Other cereals apparently 
contained related proteins with similar antifungal ac- 
tivity [ 1991. Then another group found that tobacco 
osmotin and the tomato analog was active against 
P hytophthora irlfestarts, responsible for late blight 
disease of potato [200]. We confirmed. and extended 
these results by showing that several members of the 
PR-5 group had differential antifungal activities with 



specificity for different fungal species [209]. There 
are now many lines of evidence that proteins of the 
PR-5 group from various plant species have direct 
antifungal activity against several classes of fungi 
(table VI). They have been shown to inhibit hyphal 
growth and mediate hyphal and spore lysis in in vitro 
assays [ 197, 199,200,209,2 lo]. It has been proposed 
that the antifungal activity of the maize PR-5, zea- 
matin, is the result of permeabilization of fungal 
membranes [210] through a mechanism that is still 
operative at 4OC. This capacity may be related to 
formation of amphipathic domains resulting from 
secondary structure mediated by disulfide linkages 
analogous to another type of plant defense proteins, 
thionins [211]. These amphipathic domains interact 
with membranes resulting in pore or channel forma- 
tion, and in extreme conditions membrane lysis. 

More information has to be obtained on the mol- 
ecular mechanisms of antifungal activity of PRs-5. If 
the effects on fungal membrane permeabilization were 
confirmed, then a combination of an hydrolytic 
enzyme of group PR-2 or PR-3 and a PR-5 protein 
expressed constitutively by genetic engineering would 
be very likely to confer a high level of protection 
against infection by fungi, since the two types of pro- 
teins would be acting on two different and essential 
targets of the pathogen. 

Other tobacco PR-proteins 

Several tobacco PRs have been characterized recently 
which cannot be classified into the five major groups 
(table VII). 

We have isolated a 45,kDa basic protein [90] which 
cross-reacts with antisera raised against proteins of 
groups PR-2, PR-3 and PR-5 (Stintzi, unpublished). 
The significance of these observations is not under- 
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stood yet, since the antibodies used have been shown 
to be very specific to proteins of the corresponding 
groups in tobacco [67, 91, 92, 181, 1861 or in other 
plant species [97, 135,212], and no hydrolase activity 
has been found associated to the purified protein even 
by using very sensitive enzymatic assays. cDNA 
cloning is presently in progress. 

Another basic protein with a molecular mass of 
16 kDa has been found to accumulate in TMV- 
infected tobacco leaves and its biological activity is 
also unknown. It does not cross-react with antibodies 
raised against the acidic PRs- 1 (-la, - 1 b and - lc) or 
against the basic counterpart PR-lg (table I). These 
data and partial microsequencing demonstrate that it 
does not belong to the PR-1 group in spite of a similar 
molecular mass. It is presently under investigation. 

Two a-amylases are strongly induced in tobacco 
leaves upon infection by TMV [213]. They are endo- 
type enzymes and have many features in common 
with other typical acidic PRs, for instance an apo- 
plastic localization and a high degree of resistance to 
proteolytic cleavage. Both proteins have an apparent 
molecular mass of 44-kDa. Like glycanhydrolases of 
groups PR-2 and PR-3 they can be considered as 
direct antifungal enzymes since their substrates, 1,4- 
a-glucans, occur in the cell wall of many fungi. 

We have also shown a strong induction of a protei- 
nase inhibitory activity in tobacco during the hyper- 
sensitive reaction to TMV [214]. The active inhibitor 
was purified and shown to be a small polypeptide of 
the inhibitor I type which displays a strict specificity 
for serine proteinases of microbial origin, such as sub- 
tilisin or proteinase K. Thus, the tobacco inhibitor 
appears as a good candidate for reducing proteolytic 
activities of phytopathogenic bacteria or fungi in 
planta. It is noteworthy that the active inhibitors are 
not monomers, in contrast with most of the other PRs. 

mble VII. Other not yet classified tobacco PR-proteins. Proteins T?lMPa and TIMPb, amyl 1 and amyl 2,45 K and 16 K, were 
isolated and assayed as described in [2 14, L “151, [213], [90], respectively. Proteins P39a and P40a have been isolated recently 
by the authors (unpublished results) and partial amino acid sequencing has shown identity to a cloned tobacco peroxidase 
[218]. For all other items, see legend to table I. 

Name 

TIMPa 
TIMPb 

amyll 
amyl2 

45K 
16K 

Molecular Isoelectric 
mass (kDa) point 

8 a.7 

8 8.7 

39 <7 

40 <7 

44 4.5 

44 4.2 

45 >7 

16 >7 

Localization 

int 
int 
ext 
ext 
ext 
ext 
ext 
nd 

Biologicul 
activity 

inhibitors of 
microbial proteases 

peroxidase 
peroxidase 
a-amylase 
a-amylase 

? 
? 



Two closely related cDNAs were cloned recently and 
shown to encode two active inhibitors whose subunits 
were separated by HPLC 12 151. Southern analysis of 
genomic DNA, comparison of deduced amino acid 
sequences and characterization of the two separated 
proteins (TIMPa and TIMPb, table VII) suggest that 
the two genes of tobacco are homeologues originating 
from each parent. We have shown the presence of a 
glutamic acid residue at the Pl position of the active 
site, known to determine the specificity of this type of 
inhibitors. However, the V8 proteinase from Staphylo- 
COCCUS ~mws, an enzyme that cleaves polypeptides 
after glutamic residues was not affected by the 
tobacco inhibitor. We have demonstrated a strong 
accumulation of both mRNAs and proteins in re- 
sponse to TMV, messengers and products of the two 
genes being present in a 3/2 ratio in infected leaves as 
well as in the upper uninfected leaves, the induction 
being markedly lower, however, at distance from the 
infection sites. We found that the transcripts also 
accumulated in sepals and petals of healthy plants, 
indicating that these genes are developmentally regu- 
lated. Unlike the tomato and potato I inhibitors 12161, 
the tobacco inhibitor was only weakly induced by 
wounding, but was expressed upon treatment with 
salicylic acid and ethylene, like many other PR-proteins. 

We have also isolated two acidic extracellular pro- 
teins with peroxidase activity. Peroxidase isozyme 
induction by TMV infection of tobacco had been stud- 
ied by others 1217 ] and indicated a preferential induc- 
tion of two moderately anionic peroxidases called P56 
and P61, whereas the anionic isozymes P35 and P37 
were already present in uninfected material and only 
weakly induced during irifection, In fact the isoforms 
P39a and P40a that we have isolated are strongly 
induced in TMV-infected Samsun NN (Stintzi, un- 
published). Surprisingly, partial amino acid sequence 
analysis indicates identity to P35 whose cDNA has 
been cloned [2 1SJ and which has been described as a 
lignin-forming enzyme, based on its high expression 
in the lignitied stem and on its affinity for coniferyl 
alcohol. In our group we are also studying the induc- 
tion of aromatic metabolism around the virus lesions 
and already have evidence for an increased incorpor- 
ation of phenol& into the cell wall [219, 2201 that is 
perhaps catalysed by P39a and P40a. Further studies 
on these peroxidases are snder way to understand 
their function and role in defense, 

Conclusion 

This special issue is dedicated to Professor LrSon Hirth 
who initiated part of the work described above and 
encouraged three of us, P Geoffroy, M Legrand and 
B Fritig already in the early 1970s to develop a 
research project on the response of plants to exposure 

to pathogens, namely his favourite pathogens, viruses. 
Endowed with an outstanding scientific intuition, he 
suggested already at that time that the hypersensitive 
response to viruses would be a particularly good 
model to study. 

In fact the hypersensitive response (HR) of plants 
to pathogens is one of the most efficient natural 
mechanisms of induced defense of plants against 
pathogens. This is also true in the case of virus infec- 
tions, viruses being the inducers in our model system. 
In hypersensitivity to viruses the same characteristics 
are found as in incompatible interactions between 
plants and fungi or bacteria [9, lo]: i) necrosis at and 
around each point at which the leaf tissue was 
infected; ii) localization of the pathogen to the region 
of each initiated infection; and iii) induction of 
marked metabolic changes in the cells surrounding the 
necrotic area, these changes being believed to cause, 
or at least to contribute to, the resistance observed. 
Furthermore, the hypersensitive response to viruses 
involves a cascade of events and signals [ 181 similar 
to that proposed for active defense against fungi and 
bacteria: the response would be initiated by a specific 
gene-for-gene recognition between the plant and the 
virus that would lead to cell damage (death of a 
number of cells) and the release of intermediary 
signals which in turn would enter a reception-trans- 
duction pathway leading to major changes in gene 
expression (usually gene activation) responsible for 
the resistance observed. 

Under at first the tutelage of Professor Hirth and 
later his support through stimulating discussions and 
encouragements, our group has studied particularly 
the downstream part of this cascade, ie the changes in 
host gene expression and their possible contribution to 
the defense response. For some time we have invested 
efforts to understand the role of plant phenolics in 
disease resistance, and these efforts are still conti- 
nuing with some focus on the role of cell wall bound 
phenolics [221]. However, since 1985, major 
emphasis has been put on a group of strongly induced 
proteins with typical properties, the PR-proteins also 
referred to as ‘stress proteins’. Tobacco responding 
hypersensitively to TMV proved to be a particularly 
useful experimental system, as anticipated by Pro- 
fessor I&on Hirth, and this model is still recognized as 
the prototype system from which we have characte- 
rized biochemically the highest number and widest 
array of PRs. Among the 33 proteins isolated, 31 have 
been characterized and 25 fall into five groups of ubi- 
quitous proteins. We have identified the enzymatic 
activities and functions of proteins of groups PR-2 
and PR-3 as the hydrolytic ertzymes 1,3+glucanases 
and chitinases-lysozymes, respectively. We have also 
participated in the discovery that PR-5 proteins had 
antifungal activity, and presently, are participating in a 



collaborative work aiming to study the antifungal pro- 
perties of proteins of group PR-1, the initially disco- 
vered group of PRs [ 1, 21. The PR-4 group is still 
without known biological activity. Other proteins cha- 
racterized in tobacco are the hydrolases a-amylases, 
inhibitors of microbial proteases, and peroxidases. With 
the exception of the latter, all activities characterized 
appear to be direct antimicrobial activities (antifungal 
and/or antibacterial). Some of the proteins also exhibit 
indirect antimicrobial activities, for instance the eli- 
citor-releasing hydrolases and peroxidases that are 
likely to catalyse cell wall cross-linking of phenolics. 

Very surprisingly, none of the characterized pro- 
teins appears to have direct antiviral activity, even 
though all of them are induced in response to the virus 
and this response obviously includes the induction of 
an antiviral state that finally localizes the virus. It has 
been reported that two antiviral proteins called gp35 
and gp22 were purified from tobacco and characte- 
rized by monoclonal antibodies to human P-interferon 
12221. Later it was shown [223] that gp35 corres- 
ponded to the basic, vacuolar form of 1,3-P-glucanase 
(glut b of table II) and gp22 was related to both the 
acidic and basic forms of PR-5 from tobacco. We 
have tested glut b (table II) and osmotin (table V) 
using exactly the bioassay of reference [222] and 
could not find any antiviral activity associated to these 
proteins. In fact the bioassay itself is not really repre- 
sentative of what happens in hypersensitively-induced 
resistance to the virus. The mechanism to be unra- 
velled is not an inhibition of establishment of virus 
infection, but rather a mechanism responsible for inhi- 
bition of virus spread. This mechanism might rely on 
yet undetected component(s), it might also result from 
the wide range and superposition of metabolic altera- 
tions, for instance the cell wall thickening that could 
affect the viral ‘movement’ proteins(s). 

As described above, the prospects for genetically- 
engineered plants with improved resistance against 
fungi and bacteria by transformation with PR genes 
are promising, especially if combinations of PRs are 
expressed with potential synergistic effects or with 
different target components in the microbe. This still 
does mimic only partially natural defense which 
involves a wide array of direct and indirect antimicro- 
bial compounds. The natural defense system could be 
better approached by manipulating the signals that 
trigger a battery of defense components, and the 
characterization of such signals and their manipula- 
tion is now under study in many laboratories all over 
the world. 

Acknowledgments 

The authors are indebted to D Bersuder and I Genetet for their 
contribution to the isolation of some of the PR-proteins and 
express their thanks to J Vonesch for typing the manuscript. 

699 

References 

1 

2 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Gianinazzi S, Martin C, Vallee JC (1970) Hypersensibi- 
lit6 aux virus, temperature et proteines solubles chez le 
Nicotiana Xanthi nc. Apoarition de nouvelles macromole- 
cules lors de la repressi’dn de la synthese virale. CR Acad 
Sci Paris 270, serie D, 2383-2386 
Van Loon LC, Van Kammen A ( 1970) Polyacrylamide 
disc electrophoresis of the soluble leaf proteins from 
Nicotiana tabacum var ‘Samsun’ and ‘Samsun NN’. 
Changes in protein constitution after infection with TMV. 
Virology 40, 199-2 11 --_ 

.e_ 

Flor AH (1942) Inheritance of pathogenicity in Melamp- 
sora lini. Phytopathology 32,653-669 
Ellingboe HH (1981) Changing concepts in host- 
pathogen genetics. Annu Rev Phytopathol 19, 125-l 43 
Ellingboe AH (1982) Genetical aspects of active defence. 
In: Active Defense Mechanisms in Plants (Wood RKS. 
ed), NATO ASI Series, Plenum Press, New York and 
London. 179-I 92 
Crute IR (1985)The genetic bases of relationships be- 
tween microbial parasites and their hosts. In: Mecha- 
nisms of Resistance to Plant Diseases (Fraser RSS, ed), 
Martinus Nijhoff/Dr W Junk Publishers, Dordrecht, 80- 
142 
Keen NT (1990) Gene-for-gene complementarity in plant- 
pathogen interactions. Annu Rev Genet 24,447-463 
De Wit PJGM (1992) Molecular characterization of gene- 
for-gene systems in plant-fungus interactions and the 
application of avirulence genes in control of plant patho- 
gens. Annu Rev Phytopathol30,39 l-41 8 
Keen NT (1992) The molecular biology of disease resis- 
tance. Plant Mol Biol 19, 109-122 
Lamb CJ, Lawton MA, Dron M, Dixon RA (1989) 
Signals and transduction mechanisms for activation of 
plant defenses against microbial attack. Cell 56,2 15-224 
Fritig B, Legrand M, Hirth L (1972) Changes in the meta- 
bolism of phenolic compounds during the hypersensitive 
;*eaction of tobacco to TMV. Virology 47,845-848 
Legrand M, Fritig B, Hirth L (1976) Enzymes of the phe- 
nylpropanoid pathway and the necrotic reaction of hyper- 
sensitive tobacco to tobacco mosaic virus. Phytoche- 
mistry 15, 1353-l 359 
Legrand M (1983) Phenylpropanoid metabolism and its 
regulation in disease. Irr: Biorhemic~al Plant Pathology 
(Callow JA, ed), Wiley, Chichester, 367-384 
Bailey JIA, Mansfield JW ( 1982) Phytoalexins. Blackie, 
Glasgow and London 
Dixon RA, Dey PM, Lamb CJ (1983) Phytoalexins: 
Enzymology and molecular biology. Adv Enrymol .Yj, I-- 
136 
Darvill AG, Albersheim P (1984) ?hytoalexins and their 
elicitors-a defense against microbial infection in plants. 
Annu Rev Plant Physiol35,243-275 
Ebel J (1986) Phytoalexin synthesis: the biochemical ana- 
lysis of the induction process. Annu Rev Phytopathol 24, 
235-264 
Fritig B, Kauffmann S. Dumas B, Geoffroy P,,Kopp M, 
Legrand M (1987) Mechanism of the hypersensmve reac- 
tion of plants. In: Plant Resistance to Virwses (Evered D, 
Harnett S, eds), Ciba Found Symp 133, Wiley and Sons. 
Chichester, 92-l 08 
Collinge DB, Slusarenko AJ (1987) Plant gene expres- 
sion in response to pathogens. Plant Mol Biol9,389-410 
Bradley DJ, Kjellbom P, Lamb CJ (1992) Elicitor- and 
wound-induced oxidative cross-linking of a proline-rich 



700 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

planI cell wall protein: A novel, rapid defense response. 
Cell 70, 2 I-30 
Varner JE. Lin LS (1989) Plant cell wall architecture. 
ccji 56.23 l-239 
Vance CP, Kirk TK. Shervood RT ( 1980) Lignilication as 
a mcxhanism of disease resistance. Amu &II Phytc~pu- 
thol 18. 259-288 
Marem U. Kneusel RE (1988) Phenolic compounds in 
plant disease resistance. Ph_wparasitica I 6, I53- 170 
Van Loon LC (1982) Reg_ulation of changes in proteins 
and enzymes associated with active defence against virus 
infection. /II: Act& Defense Mechanisms iu Plarm 
(Wood RKS, ed), Plenum Press, London. 37,247-273 
Jamet E, Kopp M, Fritig B (1985) The pathogenesis- 
related proteins of tobacco: their labelling from [l”C] 
amino acids in leaves reacting hypersensitively to infec- 
tion by tobacco mosaic virus. Physioi Pht Patkol 27. 
29-4 1 
Van Loon LC ( 1985) Pathogenesis-related proteins. Plunt 
Mot Biol4, I I I-l I6 
Jamet E, Fritig B ( 1986) Purification and characterization 
of 8 of the pathogenesis-related proteins in tobacco leaves 
reacting hypersensitively to tobacco mosaic virus. Plant 
Mot Bioi 6, 69-80 
Pierpoint WS (1986) The pathogenesis-related proteins of 
tobacco leaves. Y1lvtt~i’iisnli.~tr.v 25, 1595-i 60 1 
Van Loon LC, Gehitsen YAhi, Ritter CE (1987) Identiti- 
cation, purification, and characterization of pathogenesis- 
related proteins from virus-infected Samsun NN tobacco 
leaves. Plunt Mot Biol9, S93-609 
Ross AF ( I961 ) Systemic acquirecl resistance induced 
by localized virus infection in plants. Virwk),qv 14, 340- 
358 
ROSS AF ( 1066) Systemic ctlkcts ol’ IWXI lesion fortnit- 
lion. /II: I% kws 01 Yl~rrrfs (Becmslcr ABR, Di,jk!;tra J, 
cds), North-Hollund Publishing Company, Amsterdam. 
I27- I so 
Locbcnstcin G ( 1972) Locali;?ution i.itld induced resis- 
tuncc in virus-infcctcd plants. hrrt~r Hw Yhyf~ptrrlrd IO, 
177-206 
Mclntyrc JL, DorIds JA ( 1970) Induction of localized and 
systemic protection i\gitillSt PlWoq&hortt pwcrsiticct v;kr 
~Ii(WfkUItic~ by lob&U) mosaic \irus infection of tobacco 
hyporsensitivc to the virus. Plryu’ol Pktnt Pdd 15, 
32 1430 

34 Ahl I? Bertjama A. Samson R, Gianinazzi S ( I98 1) Induc- 
tion chez le tabac par Psc)rr~lnrrloncr,s syrirrgcre de nou- 
velles protiines (protdines ‘b’) associCes au d&eloppe- 
ment d’une rtisistance non sp&%-iquc ii mc deuxikme 
infection. Pl~wqzthnl Z 102, 201-212 

35 Bergstrom GC. Johnson MC, Ku: J (1982) Effects of 
local infection of cucumber by C’olk~~totr,ic,Irtmr ICJ,~CMJ- 
riml, Pserc~k)rrrc)rlcls ldw_~vmr~s or tobacco necrosis virus 
on systemic resistance to cucumber mosaic virus. Phyto- 
p&wlo,qy 72, 922-926 

36 McIntyre JL, Dodds JA, Hare JD ( 198 I ) Effects of loca- 
lized infections of Nicwticrncr t&wmr by tobacco mosaic 
virus on systemic resistance against diverse pathogens 
and an insect. Pli~tcy,atlio~~~,~?I 7 I, 207-X) I 

37 Ye XS. Pan SQ, Kuc J (1989) Pathogenesis-related pro- 
teins itnd systemic resistance to blue mold and tobacco 
mosaic virus induced by tobacco mosaic virus, Ponrro- 
sporlrr :&c*imr and aspirin. Physid Md Pltmt Pcrthol 35, 
161-175 

38 Lawton K, Uknes S, Friedrich L, Gaffncy T, Alexander D, 
Goodman R. Metraux JP, Kessmunn H, Ahl-Goy P, Gut 

39 

40 

41 

42 

43 

44 

45 

46 

47 

4x 

40 

SO 

51 

52 

53 

54 

55 

Rella M, Ward E, Ryals J (1993) The molecular biology 
of systemic acquired resistance. irr: Mechanisms of Plant 
Defense Responses (Fritig B, Legrand M, eds), Kluwer 
Academic Publishers, Dordrecht, 422-432 
Carr JP, Klessig DF ( 1989) The pathogenesis-related pro- 
teins of plants. 111: Genetic Engineering: Principles and 
Methods (Setlow JK, ed), Vol 1 I, Plenum Press, New 
York, London, 6% 109 
Bol JF, Linthorst HJM, Comelissen BJC (1990) Plant 
pathogenesis-related proteins induced by virus infection. 
Atlrru Re\? Phytopathol28, 113-l 38 
Bowles DJ ( 1990) Defense-related proteins in higher 
plants. Annu Rev Biochem 59,873-907 
Linthorst HJM ( 199 1) Pathogenesis-related proteins of 
plants. Crit Rely Plant Sci 10, 123-l 50 
White RF, Antoniw JF (1991) Virus-induced resistance 
responses in plants. Crit Rev Plant Sci 9,443-455 
Ahl P, Gianinazzi S (1982) b-Protein as a constitutive 
component in highly (TMV) resistant interspecific 
hybrids of Nicotiana ghttinosa x Nicotiana dehneyi. 
Plant Sci Lett 26, 173-l 8 I 
Dumas E, Gianinazzi S, Comu A ( 1987) Genetic aspects 
of polyacrylic-acid-induced resistance to tobacco mosaic 
virus and tobacco necrosis virus in Nicotiana plants. 
Plant Pathol 36, 544-550 
Asselin A, Grenier J, Cote F (1985) Light-influenced 
extracellular accumulation of b (pathogenesis-related) 
proteins in Nicotiuna green tissue induced by various 
chemicals or prolonged floating on water. Cart J Bot 63, 
1276-1283 
De Tapia M, Bergman P, Awade A, Burkard G (1986) 
Analysis of acid extractable bean leaf proteins induced by 
mercuric chloride treatment and alfalfa mosaic virus 
infection. Partial purification and characterization. Plurtt 
Sci 45, 167-177 
Nasser W, De ‘l’dpia M, Burkard G ( 1990) Maize pathoge- 
nesis-r&ted proteins: characterization and cellular distri- 
bution ot’ P-I ,3_glucutlitses and chitinuses induced by 
brome mosaic virus infection or mercuric chloride trcat- 
ment. Physiol Mel Pkrnt Putho! 36, I - I4 
White RF ( 1979) Acetylsalicylic acid (aspirin) induces 
resistance to tobacco mosaic virus in tobacco. Virn/o~y 
99,410-412 
Van de Rhee MD, Van Kan JAL, Gonzales-Jaen MT, 
Bol JF (1990) Analysis of regulatory elements involved 
in the induction of two tobacco genes by salicylate treat- 
ment and virus infection. Pht Cell 2.357-366 
Ward ER, Uknes SJ, Williams SC, Dincher SS, Wiede- 
rhold DL, Alexander DC, Ahl Goy P, Metraux JP, Ryals 
JA ( I99 I ) Coordinate gene activity in response to agents 
that induce systemic acquired resistance. Plmt Cdl 3, 
1085-1094 
Yalpani N, Silverman P, Wilson TMA, Kleier DA, Raskin 
I ( 199 I ) Sahcylic acid is a systemic signal and an inducer 
of pathogenesis-related proteins in virus-infected tobacco. 
PhJt CeII 3.809-8 I8 
Malamy J, Klessig DF ( 1992) Salicylic acid and plant 
disease resistance. Plunt J 2,643-654 
Uknes S, Mauch-Mani B, Moyer M, Potter S, Williams S, 
Dincher S, Chandler D, Slusarenko A, Ward E, Ryals J 
( 1992) Acquired resistance in Arahidopsis. Plant Cell 4, 
645-656 
Ernst D, Schraudner M, Langebartels C, Sandermann Jr H 
( 1992) Ozone induced changes of mRNA levels of p-1,3- 
glucanase, chitinase and ‘pathogenesis-related’ protein 1 b 
in tobacco plants. Plant Mol Bio/20,673-682 



701 

56 Didierjean L, Frendo P, Nasser W, Marivet J, Genot G, 
Margis-Pinheiro M, Passelegue E, Amegninou D, Martin C, 
Burkard G (1993) Plant genes induced by chemicals and 
pollutants. In: Mechanisms of Plant Defense Responses 
(Fritig B, Legrand M, eds) Kluwer Academic Publishers, 
Dordrecht, 276-285 

57 Christ U, Miisinger E (1989) Pathogenesis-related pro- 
teins of tomato: I. Induction by Phytophthora infestans 
and other biotic and abiotic inducers and correlation with 
resistance. Physiol Mol Plant Path01 35,53-65 

58 Hughes RK, Dickerson AG (1991) Modulation of eli- 
citor-induced chitinase and p- 1,3-glucanase activity by 
hormones in Phaseolus vulgaris. Plant Cell Physiol 32, 
853-86 1 

59 Van Loon LC (1983) The induction of pathogenesis- 
related proteins by pathogens and specific chemicals. 
Neth J Plant Path01 89, 265-273 

60 Memelink J, Linthorst HfM, Schilperoort RA, Hoge JHC 
(1990) Tobacco genes encoding acidic and basic isoforms 
of pathogenesis-related proteins display different expres- 
sion patterns. Plant Mol Biol 14, 119-l 26 

61 Mohnen D, Shinshi H, Felix G, Meins F ( 1985) Hor- 
monal regulation of p- 1,3-glucanase messenger RNA 
levels in cultured tobacco tissues. EMBO J 4, 163 I-1635 

62 Felix G, Meins Jr F (1986) Developmental and hormonal 
regulation of p-1,3-glucanase in tobacco. Planta 167, 
206-2 11 

63 Leguay JJ, Jouanneau JP (1987 j Auxin (2,4-dichiorophe- 
noxyacetic acid) starvation and treatment with glucan eli- 
citor isolated from Phytophthora ntegaspema induces 
similar responses in soybean-cultured cell suspensions. 
Develop Genet 8,35 l-364 

64 Shinshi H, Mohnen D, Meins F (1987) Regulation of a 
plant pathogenesis-related enzyme: inhibition of chitinase 
and chitinase mRNA accumulation in cultured tobacco 
tissues by auxin and cytokinin. Proc Nat1 Acad Sci USA 
84,89-93 

65 Sauter M, Hager A ( 1989) The mycorrhizal fungus Ama- 
ni’tu nruscwiu induces chitinase activity in roots and in 
suspension-cultured cells of its host Picea ahies. Planta 
179,61-66 

66 King GJ, Husscy CE, Turner VA (1986) A protein induced 
by NaCi in suspension cultures of Nicotianu tahacwm ac- 
cumulates in whole plant roots. Plurlt Ma1 Biol7.44 l-449 

67 Grosset J, Meyer Y, Chattier Y, Kauffmann S, Legrand M, 
Friti B (1990) Tobacco mesophyll protoplasts synthesize 
1,3- if glucanase, chitinases, and ‘osmotins’ during in 
vitro culture. Plant Physiol92,520-527 

68 Nelson DE, Raghothama KG, Singh NK, Hasegawa PM, 
Bressan RA (1992) Analysis of structure and transcrip- 
ti’anal activation of an osmotin gene. Plarrt Mol Bioll 19, 
577-588 

69 Van Loon LC (1977) Induction by 2-chloroethylphos- 
phonic acid of viral-like lesions, associated proteins, and 
systemic resistance in tobacco. Virology 80,4 17-420 

70 Boller T, Gehri A, Mauch F, Viigeli IJ (1983) Chitinase in 
bean leaves: induction by ethylene, purification, proper- 
ties, and possible function. Planta 157,22-3 1 

71 Mauch F, Staehelin LA (1989) Functional implications of 
the subcellular localization of ethylene-induced chitinase 
and p-1,3-glucanase in bean leaves. Plant Cell 1, 447- 
457 

72 Keefe D, Hinz U, Meins F (1990) The effect of ethylene 
on the cell-type-specific and intracellular localization of 
the p-1,3-glucanase and chitinase in tobacco leaves. 
Planta 182,43-5 1 

73 Lotan T, Fluhr R (1990) Xylanase, a novel elicitor of 
pathogenesis-related proteins in tobacco, uses a non-&y- 
lene pathway for induction. Plant Physiol93, 8 1 l-8 17 

74 Samac DA, Hironaka CM, Yallaly PE, Shah DM (1990) 
Isolation and characterization of the genes encoding basic 
and acidic chitinase in Arahidopsis thaliana. Plant Phy- 
siol93,907-914 

75 Brederode FT’, Linthorsv HJM, Bol JF (1991) Differential 
induction of acquired resistance and PR gene expression 
in tobacco by viru La infection, ethephon treatment. UV 
light and wounding. Plant Mol Biol 17, 111 i-l 125 

76 Eyal Y, Sagee 0, Fluhr R ( 1992) Dark-induced accumu- 
lation of a basic pathogenesis-related (PR- 1) transcript 
and a light requirement for its induction by ethylene. 
Plant Mol Biol 19,589-599 

77 Mauch F, Meehl JB, Staehelin LA (1992) Ethylene- 
induced chitinase and p- 1,3-glucanase accumulate speci- 
fically in the lower epidermis and along vascular strands 
of bean leaves. Plunta 186,367-375 

78 Castresana C, De Carvalho F, Gheysen G, Habets M, 
InzC D, Van Montagu M ( 1990) Tissue-specific and 
pathogen-induced regulation of a Nicotiana plumhagini- 
folk f% 1,3-glucanase gene. Plant Cell 2, 113 l-l 143 

79 C6te F, Cutt JR, Asselin A, Klessig DF ( 1991) Pathoge- 
nesis-related acidic p- 1,3-glucanase genes of tobacco are 
regulated by both stress and developmental signals. Mol 
Plant Microbe Inter 4, 173-l 8 1 

80 Fraser RSS ( 198 1) Evidence for the occurrence of the 
‘Pathogenesis-Related’ proteins in leaves of healthy 
tobacco plants during flowering. Physiol Plant Pathol 19, 
69-76 

81 Lotan T, Ori N, Fluhr R (1989) Pathogenesis-raiated pro- 
teins are developmentally regulated in tobacco flowers. 
Plant Cell 1,88 l-887 

82 Neale AD, Wahleithner JA, Lund M, Bonnett HT. Kelly A, 
Meek+Wagner RD, Peacock WJ, Dennis ES (1990) Chi- 
tinase, p- 1,3-glucanase, osmotin, and extensin are 
expressed in tobacco explants during llower formation. 
Plant Cell 2.673-684 

83 Leung DWM (1992) Involvement of plant chitinase in 
sexual reproduction of higher plants. Pl~ytotlltenti.str~~~ 3 1, 
1899-1900 

84 Richard L, Arro M, Hoebeke J, Meek+Wagner RD, Tran 
Thanh Van K (1992) Immunological evidence of thau- 
matin-like proteins during tobacco floral differentiation. 
Plurrt Physiol98, 337-342 

85 Malamy J, Cart JP, Klessig DE Raskin I (1990) Salicylic 
acid: a likely endogenous signal in the resistance response 
of tobacco to viral infection. Scknce 250, 1002-1004 

86 M&raux JP, Signer H, Ryais J, Ward E, Wyss-Benz M, 
Gaudin J, Raschdorf K, Schmid E, Blum W, lnverardi B 
(1990) Increase in salicylic acid at the onset of systemic 
acquired resistance in cucumber. Science 250, 1004-l 006 

87 Enyedi AJ, Yaipani N, Silverman P, Raskin I (1992) 
Localization, conjugation, and function of salicyiic acid 
in tobacco during the hypersensitive reaction to tobacco 
mosaic virus. PIW Nat1 Acad Sci USA 89,2480-2484 

88 Rodrigo I, Vera P, Van Loon LC, Conejero V ( 199 1) 
Degradation of tobacco pathogenesis-related proteins. 
Evidence for conserved mechanisms of degradation of 
pathogenesis-related proteins in plants. Plant Physiol 95. 
616-622 

89 Antoniw JF, Ritter CE, Pierpoint WS, Van Loon LC 
(1980) Comparison of three pathogenesis-related proteins 
from plants of two cultivars of tobacco infected with 
TMV. J Gen Viral 47.79-87 



702 

90 Kauffmann S ( 1988) Les protCines PR (pathogenesis- 
related) du tabac: des protdines impliquees dans les rdac- 
tions de defense aux agents phytopathogknes. Isolement, 
propri&& s$ologiques et activites biologiques. These de 
I’Universite de Strasbourg 

91 Kauffmann S, Legrand M, Geoffroy R Fritig B ( 1987) 
Biological function of pathogenesis-related proteins: four 
PR proteins of tobacco have 1,3-a-glucanase activity. 
EMBO .I 6.3209-32 12 

92 Legrand M, Kauffmann S, Geoffroy P, Fritig B ( 1987) 
Biological function of pathogenesis-related proteins: four 
tobacco pathogenesis-related proteins are chitinases. Proc 
htl Acud Sci USA 846750-6754 

93 Kombrink E, Schroder M. Hahlbrock K (1988) Several 
‘pathogenesis-related’ proteins in potato are 1,3-P-gluca- 
nases and chitinases. Pmc Nat1 Acad Sci USA 85, 782- 
786 

94 Nasser W, De Tapia M, Kaul’fmann S, Montasser-Kouh- 
sari S. Burkard G ( 1988) Identification and character- 
ization of maize pathogenesis-related proteins. Four 
maize PR proteins are chitinases. Plunt Mel Biol 11, 
529-538 

95 Awade A, De Tapia M, Didierjean L, Burkard G ( 1989) 
Biological function of bean pathogenesis-related (PR 3 
and PR 4) proteins. Plwt Sci 63, I2 l-l 30 

96 Fischer W, Christ U, Baumgaltner M. Erismann KH, 
Miisinger E ( 1989) Pathogen&s-related proteins of 
tomato: II. Biochemical and immunological characteriz- 
ation. Physiol Mol Plant Pdtol35, 67-y3 

97 Joostcn MHA, De Wit PJGM (lOh9) ,Tdentitication of 
several ~~~tl~ogcncsis-rc~~~t~~i proteins in tomato leaves 
inoculated with Cl(~tlo.sllor~ilrnr .firh wu (syn Frrlub bfiriw) 
;lS 1 ,3-fbglllCilll~lSCS iITltl CllitilliH2S. PItmt Plr~siol 89, 
945-9s I 

98 Vogelsang R, Barz W ( 1990) Elicitation of @1,3-gluca- 
IlilSe i\lld chitilIi\se activities in Cell suspension CllllLlt’l?S 01 

Awot~lrytcr w/k4 resistant untl susceptible cultivars of 
chickpea (Cicw ctric~rirrrrrr~), 2 Ahrwfiwsd~ 4Sc, 233-239 

99 Fritip l3, Rouster J, Kauffmunn S, Stintzi A, Gcoffroy P, 
Kopp M, Lcgrand M ( 1989) Virus-induced glycunhydro- 
lases and effects 01’ olipostrccliiiridc signills on plant-virus 
interactions, h: Si,qwl Molewks irr Plrrrts wd Pltrrrr- 
Miwohe frrterwctiorts (Luptenberg BJJ, ed), Nato ASI 
Series H: Cell Biology, Vol 36, Springer Verlag, Berlin, 
161-168 

IO0 Antoniw JE Pierpoint WS (1978) The purification and 
properties of one of the ‘b’ proteins from virus-infected 
tobacco plants. J Gcrl Virul39, 343-350 

101 Antoniw JE White RF, Barbara DJ, Jones P, Longley A 
(1985) The detection of PR (b) protein and TMV by 
ELISA in systemic and localised virus infections of 
tobacco. Plrnt MoI Biol4, 55-60 

102 Nassuth A, Stinger HL (1986) Immunological relation- 
ship between ‘pathogenesis-related’ leaf proteins from 
tomato, tobacco and cowpea. Virus Res 4, 229-242 

103 White RF, Rybicki EP, Van Wechmar MB, Dekker JL, 
Antoniw JF (1987) Detection of PR l-type proteins in 
Amclr’ttrrtlncc’t~crc), C~~4nr~~~oiii~ic~ccre. Gr-crnrirrcre and S&m-+ 
ctw by immunoelectroblotting. J Gtvt Viwl68, 2043-2048 

104 Hooft van Huijsduijnen RAM, Cornelissen BJC, Van 
Loon LC, Van Boom JH, Tromp M, Bol J F ( 1985) Virus- 
induced synthesis of messenger RNAs for precursors of 
pathogenesis-related proteins in tobacco. EMBO ,I 4, 
2167-2171 

105 Comelissen BJC, Hooft van Huijsduijnen RAM, Van 
Loon LC, Bol JF ( 1986) Molecular characterization of 

106 

107 

108 

109 

110 

111 

112 

Il.3 

II4 

115 

116 

117 

118 

119 

120 

messenger RNAs for ‘pathogenesis-related’ proteins 1 a, 
1 b and lc, induced by TMV infection of tobacco. EMBO 
J 5,3740 
Matsuoka M, Yamamoto N, Kano-Murakami Y, Tanaka Y, 
Ozeki Y, Hirano H, Kagawa H, Oshima M, Ohashi Y 
( 1987) Classification and structural comparison of full- 
length cDNAs for pathogenesis-related proteins. Plant 
Physiol85,942-946 
Pfitzner UM, Goodman HM (1987) Isolation and charac- 
terization of cDNA clones encoding pathogenesis-related 
proteins from tobacco mosaic virus infected tobacco 
plants. Nucleic Acids Res 15,4449-4465 
Cutt JR, Dixon DC, Carr JP, Klessig DF (1988) Isolation 
and nucleotide sequence of cDNA clones for the pathoge- 
nesis-related proteins PR 1 a, PR 1 b and PRl c of Nicotiana 
tuhacum cv. Xanthi nc induced by TMV infection. 
Nucleic Acids Res 16,9861 
Comelissen BJC, Horowitz J, Van Kan JAL, Goldberg RB, 
Bol JF ( 1987) Structure of tobacco genes encoding patho- 
genesis-related proteins from the PR-1 group. Nucleic 
Acids Res 15,6799-68 I 1 
Payne G, Middlesteadt W, Desai N, Williams S, Dincher S, 
Cames M, Ryals J ( 1989) Isolation and sequence of a 
genomic clone encoding the basic form of pathogenesis- 
related protein 1 from Nicotiana tahacum. Plant Mol Biol 
l2,595-596 
Van Loon LC ( 1990) Letter to the editor. The nomencla- 
ture of pathogenesis-related proteins. Physiol Mol Plant 
Pathol37, 229-230 
Lucas J, Camacho Henriquez A, Lottspeich F, Henschen A, 
Sanger HL ( 1985) Amino acid sequence of the ‘pathoge- 
nesis-related’ leaf protein ~14 from viroid-infected 
tomato reveals a new type of structurally unfamiliar pro- 
teins. EMt?O ,I 4,2745-2749 
Linthorst HJM, Meuwissen RLJ, Kauffmann S, Bol JF 
( 1989) Constitutivc expression of pathogenesis-related 
proteins PR- I, GRP, and PR-S in tobacco has no effect on 
virus infection. Pht Cell I, 285-291 
Cutt JR, Harpster MH, Dixon DC, Curr JP, Dunsmuir P, 
Klessig DF ( 1989) Disease response to tobacco mosaic 
virus in transgenic tobacco plants that constitutively 
express the pathogenesis-related PR 1 b gene. Virology 
173.89-97 
Niderman T, Bruy&e T, Giigler K, Miisinger E (1993) 
Antifungal activity of native and recombinant tomato P14 
proteins. In: Mechanisms of Plant Dcfcnse Responses 
(Fritig B, Legrand M, eds), Kluwer Academic Publishers, 
Dordrecht, 450 
Boiler T (1988) Ethylene and the regulation of antifungal 
hydrolases in plants. In: O.@ord Sutwys of Plant Mole- 
cular und Cell Biology (Mitlin BJ, ed), vol 5, Oxford 
University Press, Oxford, 145-l 74 
Meins F, Neuhaus JM, Sperisen C, Ryals J (1992) The 
primary structure of plant pathogenesis-related glucano- 
hydrolases and their genes. Irt: Genes Invohwd in Plant 
Dt$wsc) (Meins F, Boiler T, eds), Springer-Verlag, 
Vienna/New York, 245-282 
Payne G, Ward E, Gaffney T, Ah1 P, Moyer M, Harper A, 
Meins F, Ryals J (1990) Evidence for a third structural class 
of p- 1 &glucanase in tobacco. Plunt Mol Biol 15.797-808 
Linthorst HJM, Melchers LS, Mayer A, Van Roekel JSC, 
Comelissen BJC, Bol JF ( 1990) Analysis of gene families 
encoding acidic and basic p-1,3 glucanases of tobacco. 
Proc Nat1 Acad Sci USA 87,8756-8760 
Ward ER, Payne GB, Moyer MB, Williams SC, Dincher SS, 
Sharkey KC, Beck JJ, Taylor HP, Ahl-Goy P, Meins F, 



703 

Ryals JA ( 199 1) Differential regulation of p- 1,3-gluca- 
nase messenger RNAs in response to pathogen infection. 
Plant Physiol96,390-397 

121 Van den Bulcke M, Bauw G, Castresana C, Van Mon- 
tagu M, Vandekerckhove J (1989) Characterization of 
vacuolar and extracellular p (1,3)-glucanases of tobacco: 
evidence for a strictly compartmentalized plant defense 
system. Prcc Nat1 Acad Sci USA 86,2673-2677 

122 Ham KS, Kauffmann S, Albersheim P, Darvill AG (1991) 
Host-pathogen interactions XXXIX. A soybean patho- 
genesis-related protein with p- 1,3-glucanase activity 
releases phytoalexin elicitor-active heat-stable fragments 
from fungal walls. Mol Plant Microbe Inter 4,545-552 

123 Collinge DB, Kragh KM, Mikkelsen JD, Nielsen KK, 
Rasmussen U, Vad K (1993) Plant chitinases. Plant J 3, 
31-40 

124 Roberts WK, Selitrennikoff CP (1988) Plant and bacterial 
chitinases differ in antifungal activity. J Gen Microbial 
134,169-176 

125 Trudel J, Audy P, Asselin A ( 1989) Electrophoretic forms 
of chitinase activity in Xanthi-nc tobacco, healthy and 
infected with tobacco mosaic virus. Mol Plant Microbe 
Inter 2,3 15-324 

126 Bemier I, Van Leemputten E, Horisberger M, Bush DA, 
Jolli% P ( 197 1) The turnip lysozyme. FEBS Lett 14, lOO- 
104 

127 Majeau N, Trudel J. Asselin A ( 1990) Diversity of 
cucumber chitinase isoforms and charaterization of one 
seed basic chitinase with lysozyme activity. Plant Sci 68, 
9-16 

128 Audy P, Trudel J, Asselin A (1988) Purification and cha- 
racterization of a lysozyme from wheat germ. Plant Sci 
58.43-50 

129 Grenier J, Asselin A ( 1990) Some pathogenesis-related 
proteins are chitosanases with lytic activity against fungal 
spores. Mol Plant Microbe Inter 3,401-407 

130 Hooft van Huijsduijnen RAM, Kauffmann S, Brede- 
rode FT, Cornelissen BJC, Legrand M, Fritig B, Bol JF 
(1987) Homology between chitinases that are induced by 
TMV infection of tobacco. Plant Mel Biol9,41 I-420 

13 1 M&raux JP, Burkhart W, Moyer M, Dincher S, Middles- 
teadt W, Williams S, Payne G, Cames M, Ryals J (1989) 
Isolation of a complelrlentary DNA encoding a chitinase 
with structural homology to a bifunctional lysozyme/ 
chitinase. Proc Nat1 Acud Sci USA 86,896-900 

132 Lawton K, Ward E, Payne G, Moyer M, Ryals J ( 1992) 
Acidic and basic class III chitinase mRNA accumulation 
in response to TMV infection of tobacco. Plant Mol Biol 
19,735-743 

133 Stintzi A, Geoffroy P, Bersuder D, Fritig B, Legrand M 
(1993) cDNA cloning and expression studies of tobacco 
class III chitinase-lysozymes. In: Mechanisms of Plant 
Defense Responses (Fritig B, Legrand M, eds) Kluwer 
Academic Publishers, Dordrecht, 3 12-3 15 

134 Broekaert WF, Van Parijs J, Allen AK, Peumans WJ 
(1988) Comparison of some molecular, enzymatic and 
antifungal properties of chitinases from thorn-apple, 
tobacco and wheat. Physiol Mol Plant Path01 33,3 19-33 1 

135 Rousseau-Limouzin M, Fritig B (1991) Induction of chi- 
tinases, 1,3-P-glucanases and other pathogenesis-related 
proteins in sugar beet leaves upon infection with Cerco- 
spora beticola. Plant Physiol Biochem 29, 105-l 17 

136 Neuhaus JM, Sticher L, Meins F, Boller T (1991) A short 
C-terminal sequence is necessary and sufficient for the 
targeting of chitinases to the plant vacuole. Proc Nat1 
Acad Sci USA 88,10362-10366 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

Broglie KE, Gaynor JJ, Broglie RM (1986) Ethylene- 
regulated gene expression: molecular cloning of the genes 
encoding an endochitinase from Phaseolus vulgaris. Proc 
Nat1 Acad Sri USA 83,6820-6824 
Gaynor JJ (1988) Primary structure of an endochitinase 
mRNA from Solanum tuberosum. Nucleic Acids Res 16, 
5210 
Parsons TJ, Bradshaw HD, Gordon MP (1989) Systemic 
accumulation of specific mRNAs in response to wounding 
in poplar trees. Proc Nat1 Acad Sci USA 86, 789% 
7899 
Shinshi H, Neuhaus JM, Ryals J, Meins F (1990) Struc- 
ture of a tobacco endochitinase gene: evidence that dif- 
ferent chitinase genes can arise by transposition of 
sequences encoding a cysteine-rich domain. Plant Mol 
Bioll4,357-368 
Swegle M, Huang JK, Lee G, Muthukrishnan S (1989) 
Identification of an endochitinase cDNA clone from 
barley aleurone cells. Plant Mol Biol 12,403-412 
Huang JK, Wen L, Swegle M, Tran HC, Thin TH, Nay- 
lor HM, Muthukrishnan S, Reeck GR (1991) Nucleotide 
sequence of a rice genomic clone that encodes a class I 
endochitinase. Plant Mol Biol 16,479-480 
Vad K, Mikkelsen JD, Collinge DB (1991) Induction, 
purification and characterization of chitinase isolated 
from pea leaves inoculated with Ascochyta pisi. Planta 
184,24-29 
Margis-Pinheiro M, Metz Boutigue MH, Awade A, De 
Tapia M, Le Ret M, Burkard G (1991) Isolation of a com- 
plementary DNA encoding the bean PR4 chitinase: an 
acidic enzyme with an amino-terminus cysteine-rich 
domain. Plant Mol Biol 17,243-253 
Abeles FB, Bosshart RP, Forrence LE, Habig WH ( 197 1) 
Preparation and purification of glucanase and chitinase 
from bean leaves. Plant Physiol47, 129-l 34 
Pegg GF, Young DH (1982) Purification and characteriz- 
ation of chitinase enzymes from healthy and Verticiliu- 
malbo-atrum-infected tomato plants, and from V albo- 
atrum. Physiol Plant Path01 21,389-409 
Boiler T (1993) Antimicrobial functions of the plant 
hydrolases, chitinase and p- 1,3-glucanase. In: Mecha- 
nisms of Plant Defense Responses (Fritig B, Legrand M, 
eds) Kluwer Academic Publishers, Dordrecht, 39 I - 
400 
Schlumbaum A, Mauch F, Viigeli U, Boiler T (1986) 
Plant chitinases are potent inhibitors of fungal growth. 
Nature 324,365-367 
Verburg JG, Huynh QK ( 1991) Purification and characte- 
rization of an antifungal chitinase from Arabidopsis tha- 
liana. Plant Physiol95,450-455 
Broglie K, Chet I, Holliday M, Cressman R, Biddle P, 
Knowlton S, Mauvais CJ, Broglie R (1991) Transgenic 
plants with enhanced resistance to the fungal pathogen 
Rhizoctonia solani. Scicwce 254, 1194-1 I97 
Mauch F, Mauch-Mani B, Boller T (1988) Antifungal 
hydrolases in pea tissue. II. Inhibition of fungal growth 
by combinations of chitinase and p- 1,3-glucanase. Pkmt 
Physiol88,936-942 
Ludwig A, Boiler T (1990) A method for the study of 
fungal growth inhibition by plant proteins. FEMS Micro- 
hiol Lett 69,61-66 
Sela-Burlage MB, Ponstein AS, Bres-Vloemans SA, Mel- 
chers LS, Van den Elzen PJM, Cornelissen BJC (1993) 
Only specific tobacco (Nicotiana tabacum) chitinases and 
p- 1 &glucanases exhibit antifungal activity. Plant P&- 
siol 10 1,857-863 



154 M&hers LS. Ponstein AS, Sela-Burlage MB. Vloe- 
mans SA, Comelissen BJC (1993) frr vitro anti-microbial 
activities of defense proteins and biotechnology. In: 
Mec*/lanisnu cg PIclnt Defense Responses Wtig B, 
Legrand M, eds), Kluwer Academic Publishers, 4Ol- 
410 

155 Boijsen K, Nielsen KK, Gottschalk T, Mikkelsen JD 
q 1993) Genetic transformation of Nicotiana benthamiana 
with chitinase and P-l3-glucanase genes from Beta wl- 
Snri.r,(sugar beet). !)I: Mechunisms of Plant Defense Res- 
~OWZS (Fritig B, Legrand M, eds), Kluwer Academic 
Publishers, Dordrecht, 449 

156 Benhamou N, Grenier J, Asselin A, Legrand M (1989) 
Immunogold localization of p-1 ,%glucanases in two 
plants infected by vascular wilt fungi. Plant Cell 1, 
1209-1221 

157 Benhamou N, Joosten MHA, De Wit PJGM (1990) Sub- 
cellular localization of chitinase and of its potential sub- 
strate in tomato root tissues infected by Frrsarium oxy- 
spownr f sp radicis-lycopersici. Plant Physiol 92, 
1108-l 120 

158 Benhamou N (1993) Spatio-temporal regulation of 
defence genes: immunocytochemistry. 1~ Mechanisms of 
Plant Defense Responses (Fritig B, Legrand M, eds), 
Kluwer Academic Publishers, Dordrecht, 22 l-235 

159 Lamb CJ, Ryals JA, Ward ER, Dixon RA ( 1992) Emer- 
ging strategies for enhancing crop resistance to microbial 
pathogens. Bioltechnology IO, 1436-I 445 

160 Cornelissen BJC, Melchers LS (1993) Strategies for 
control of fungal diseases with transgenic plants. Plant 
Physiol 10 1, 709-7 I 2 

161 Broglie R, Broglie K (1493) Chitinases and plant protec- 
tion. 1~: M&;~nisnu t#’ Pkulrrt Dejiwse Respons~~s (Fritig 
B, Legrand M, cds), Kluwer Academic Publishers, Dor- 
drecht, 4 1 I-42 I 

162 Benhamou N, Broglie K, Chet I, Broglie R (1993) Anti- 
t’ungul effect of bean endochitinase on Rhizocwricr 
salrrri: ultrastructure changes and cytochemic;tl aspects 
of chntin breakdown. CUII J Miwohiol, in press 

163 Jach G, Logemunn S, Wolf G, Oppenheim H, Chet I, 
Schell J, Logemann J (I 992) Expression of a bacterial 
chitinase leads to improved resistance of transgenic 
tobacco plants against fungal infection, f?ioprwtic’e I, 
1-9 

164 Vierheilig H, Ah M, Neuhaus JM, Bolter T, Wiemken A 
( I993) Colonization of transgenic Nicotiana sylvestris 
plants, expressing differents forms of Nicotiana tabaLBum 
chitinase, by the root pathogen Rhizoctonia sold and by 
the mycorrhizial symbiont Glomus mossae. Mol Plant 
Miwobe Irrter 6, 26 l-264 

165 During K, Fladung M, L&z H (1993) Antibacterial resis- 
tance of transgenic potato plants producing T4 lysozyme. 
f/l: Mechanisnu of Plant Deferrse Responses (Fritig B, 
Legrand M, eds) Kluwer Academic Publishers, Dor- 
drecht, 437-440 

167 Ryan CA, Farmer EE ( 199 1) Oligosaccharide signals in 
plants: a current assessment. Annir Re11 Plum PClysio/ 
Plmt Mel Bid 42, 65 I-674 

168 Hahn MG, Cheong JJ, Alba R, Enkerli J, Cat6 F (1993) 
Gligosaccharide elicitors: structures and recognition, [it: 
Medlanisms qf Pkmt Dejc~w Responses (Fritig B, 
Legrand M, eds), Kluwer Academic Publishers, Dor- 
drecht, 99- 116 

169 Barber MS, Bertram RE, Ride JP (1989) Chitin oligosac- 
chides elicit lignification in wounded wheat leaves. 
Physioi Mel Plarlt Pathd 34, 3-12 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

183 

184 

Kendra DF, Christian D, Hadwiger LA (1989) Chitosan 
oligomers from Fusarium solani pea interactions, chiti- 
nase@-glucanase digestion of sporelings and from fungal 
wall chitin actively inhibit fungal growth and enhance 
disease resistance. Physiol Mol Plant Pathol35,215-230 
Roby D, Gadelle A, Toppan A (1987) Chitin oligosaccha- 
rides as elicitors of chitinase activity in melon plants. 
Biochem Biophys Res Commun 143,885-892 
Parker JE, Hahlbrock K, Scheel D (1988) Different cell- 
wall components from Phytophthoru megasperma f sp 
glycinea elicit phytoalexin production in soybean and 
parsley. Planta 176,75-82 
Ricci P, Bonnet P, Huet JC, Sallantin M, Beauvais-Cante F, 
Bruneteau M, Billard V, Michel G, Pernollet JC (1989) 
Structure and activity of proteins from pathogenic fungi 
Phytophthoru eliciting necrosis and acquired resistance in 
tobacco. Eur J Biochem 183,555-563 
Parker JE, Schulte W, Hahlbrock K, Scheel D (1991) An 
extracellular glycoprotein from Phytophthura mega- 
sperma f sp glycineu elicits phytoalexin synthesis in cul- 
tured parsley cells and protoplasts. Mot Plant Microbe 
Inter 4, 19-27 
Ricci P, Panabitires F, Bonnet P, Maia N, Ponchet M, 
Devergne JC, Marais A, Cardin L, Milat ML, Blein JP 
( 1993) Proteinaceous elicitors of plant defense responses. 
In: Mechanisms of Plant Defense Responses (Fritig B, 
Legrand M, eds), Kluwer Academic Publishers, Dor- 
drecht, 121-135 
Sharp JK, Valent B, Albersheim P (1984) Purification and 
partial characterization of a P-glucan fragment that elicits 
phytoalexin accumulation in soybean. J Biol Chem 259, 
11312-11320 
Sharp JK, McNeil M, Albersheim P (1984) The primary 
structures of one elicitor-active and seven elicitor-inactive 
hex@-D-ghIcopyranosyl)-D-glucitols isolated from the 
tnycelial walls of Phytophthora megasperrna f sp gly- 
U’~CW. ./ Bid Chem 259, t t 32 1- 11336 
Keen NT, Yoshikawa M ( I983) p- 1,3_Endoglucanase 
from soybean reteases elicitor-active carbohydrates from 
fungus cell walls. Pktrrt Physiol7 1,460-465 
Takeuchi Y, Yoshikawa M, Takeba G, Tanaka K, Shibata D, 
Horino 0 (1990) Molecular cloning and ethylene induc- 
tion of mRNA encoding a phytoalexin elicitor-releasing 
factor, @- l,3-endoglucanase, in soybean. Plant Physiof 
93,673-682 
Yoshikawa M, Takeuchi Y, Horino 0 (1990) A mecha- 
nism for ethylene-induced disease resistance in soybean: 
enhanced synthesis of an elicitor-releasing factor, p-1,3- 
glucanase. Physiol Mol Plant Pathol37,367-376 
Kauffmann S, Legrand M, Fritig B (1990) Isolation 
and characterization of six pathogenesis-related (PR) pro- 
teins of Samsun NN tobacco. Plant Mol Bioll4,381-390 
Friedrich L, Moyer M, Ward E, Ryals J (1991) Pathoge- 
nesis-related protein 4 is structurally homologous to the 
carboxy-terminal domains of hevein, Win-1 and Win-2. 
Mol Gen Genet 230,113-l 19 
Linthorst HJM, Danhash N, Bxederode FT, Van Kan JAL, 
De Wit PJGM, Bol JF ( 1991) Tobacco and tomato PR 
proteins homologous to win and Pro-hevein lack the 
‘hevein’ domain. Mol Plant Microbe fnter 4, 586- 
592 
Joosten MHA, Bergmans CJB, Meulenhoff EJS, Corne- 
Qssen BJC, De Wit PJGM (1990) Purification and serolo- 
gical characterization of three basic 15-kilodahon patho- 
genesis-related (PR) proteins from tomato. Plant Physiol 
94,585-59 1 



185 Pierpoint WS, Tatham AS, Pappin DJC (1987) Identifica- 
tion of the virus-induced protein of tobacco leaves that 
resembles the sweet-protein thaumatin. Physiol Mol 
Plant Path01 3 I,29 l-298 

186 Stintzi A, Heitz T, Kauffmann S, Legrand M, Fritig B 
( 199 1) Identification of a basic pathogenesis-related, 
thaumatin-like protein of virus-induced tobacco as 
osmotin. Physiol Mol Plant Path01 38, 137-146 

187 Singh NK, Bracker CA, Hasegawa PM, Handa AK, 
Buckel S, Hermodson MA, Pfankoch E, Regnier FE, 
Bressan RA (1987) Characterization of osmotin. A thau- 
matin-like protein associated with osmotic adaptation in 
plant cells. Plant Physiol85,529-536 

188 Parent JG, Asselin A (1984) Detection of pathogenesis- 
related proteins (PR or b) and of other proteins in the 
intercellular fluid of hypersensitive plants infected with 
tobacco mosaic virus. Can J Bot 62,564-569 

189 Dore I, Legrand M, Cornelissen BJC, Bol JF (1991) Sub- 
cellular localization of acidic and basic PR proteins in 
tobacco mosaic virus-infected tobacco. Arch Viral 120, 
97-107 

190 Comelissen BJC, Hooft van Huisduijnen RAM, Bol JF 
(1986) A tobacco mosaic virus-induced tobacco protein is 
homologous to the sweet-tasting protein thaumatin. 
Nature 321,531-532 

191 Payne G, Middlestadt W, Williams S, Desai N, Parks TD, 
Dincher S, Carnes M, Ryals J (1988). Isolation and 
nucleotide sequence of a novel cDNA clone encoding the 
major form of pathogenesis-related protein R. Plant Mol 
Biol11,223-224 

192 Singh NK, Nelson DE, Kuhn D, Hasegawa PM, Bressan 
RA (1989) Molecular cloning of osmotin and regulation 
of its expression by ABA and adaptation to low water 
potential. Plant Physiol90, 1096-l 101 

193 Richardson M, Valdes-Rodriguez S, Blanco-Labra A 
(1987) A possible function for thaumatin and a TMV- 
induced protein suggested by homology to a maize inhi- 
bitor. Nature 327.432434 

194 King GJ, Turner VA, Hussey CE, Syrkin Wurtele E, 
Lee SM (1988) Isolation and characterization of a tomato 
cDNA clone which codes for a salt-induced protein. 
Plant Mel Biol 10,401-412 

195 Bryngelsson T, Green B (1989) Characterization of a 
pathogenesis-related, thaumatin-like protein isolated from 
barley challenged with an incompatible race of mildew. 
Physiol Mol Plant Path01 35,45-52 

196 Pierpoint WS, Jackson PJ, Evans RM (1990) The t. _&ence 
of a thaumatin-like protein, a chitinase and a g.ucanase 
among the pathogenesis-related proteins of potato (Sola- 
num tuherosum). Physiol Mol Plant Path01 36,325-338 

197 Hejgaard J, Jacobsen S, Svendsen I (1991) Two anti- 
fungal thaumatin-like proteins from barley grain. FEBS 
Lett 291,127-131 

198 Sehgal OP, Rieger R, Mohamed F i 1991) Induction of 
bean PR-4d-type protein in divergent plant species after 
infection with tobacco ringspot virus and its relationship 
with tobacco PR-5. Phytopathofogy 81,215-219 

199 Vigers AJ, Roberts WK, Selitrennikoff CP (1991) A new 
family of plant antifungal proteins. Mol Plant Microbe 
Inter 4,3 15-323 

200 Woloshuk CP, Meulenhoff JS, Sela-Buurlage M, Van den 
Elzen PJM, Comelissen BJC (1991). Pathogen-induced 
proteins with inhibitory activity toward Phytophthora 
infestans. Plant Cell 3,619-628 

201 Graham JS, Burkhart W, Xiong J, Gillikin JW ( 1992) 
Complete amino acid sequence ol’ soybean leaf P21. 

705 

Similarity to the thaumatin-like polypeptides. Plant Phy- 
siol98, 163-l 65 ._- --- 

202 Van Kan JAL, Van De Rhee MD, Zuidema D, Come- 
lissen BJC, Bol JF (1989) Structure of tobacco genes 
encoding thaumatin-like proteins. Plant Mol Biol 12, 
153-155 

203 Nelson DE, Raghothama KG, Singh NK, Hasegawa PM, 
Bressan RA (1992) Analysis of structure and transcrip- 
tional activation of an osmotin gene. Plant Mol Biol 19, 
577-588 

204 Albrecht H, Van de Rhee MD, Bol JF (1992) Analysis of 
cis-regulatory elements involved in induction of a 
tobacco PR-5 gene by virus infection. Plant Mol Biol 18, 
155-158 

205 Rodrigo I, Vera l? Frank R, Conejero V ( 1991) Identifi- 
cation of the viroid-induced tomato pathogenesis-related 
(PR) protein P23 as the thaumatin-like tomato protein 
NP24 associated with osmotic stress. Plant Mol Biol 16, 
93 l-934 

206 Takeda S, Sato F, Ida K, Yamada Y (1991) Nucleotide 
sequence of a cDNA for osmotin-like protein from cul- 
tured tobacco cells. Plant Physiol97,844-846 

207 Casas AM, Nelson DE, Raghothama KG, Paino D’Urzo 
M, Singh NK, Bressan RA, Hasegawa PM ( 1992) 
Expression of osmotin-like genes in the halophyte Atri- 
plex numularia L. Plant Physiol99,329-337 

208 Kumar V, Spencer ME (1992) Nucleotide sequence of an 
osmotin cDNA from the Nicotiana tahacunr cv White 
Burley generated by the polymerase chain reaction. Plant 
Mol Biol 18,62 l-622 

209 Vigers AJ, Wiedemann S, Roberts WK, Legrand M, Seli- 
trennikoff CP, Fritig B (1992) Thaumatin-like pathoge- 
nesis-related proteins are antifungal. Plarlt Sci 83, 155-16 1 

210 Roberts WK, Selitrennikoff CP (1990) Zeamatin, an anti- 
fungal protein from maize with membrane-permeabilizing 
activity. J Gen Microhiol 136, 177 l-l 778 

211 Bohlmann H, Ape1 K ( 199 1) Thionins. Annu Rev Plant 
Physiol Plant Mol Biol42,227-240 

212 Jung JL, Fritig B, Hahne G ( 1993) Sunflower (Helianthus 
annuus L) pathogenesis-related proteins. Induction by 
aspirin (Acetylsalicylic acid) and characterization. Plant 
Physiol 10 1,873-880 

213 Heitz T, Geoffroy P, Fritig B, Legrand M ( 199 1) Th 
apoplastic a-amylases are induced in tobacco by virus 
infection. Plant Physiol97,65 l-656 

214 Geoffroy P, Legrand M, Fritig B (1990) Isolation and 
characterization of a proteinaceous inhibitor of microbial 
proteinases induced during the hypersensitive reaction of 
tobacco to tobacco mosaic virus. Mol Plant Microbe 
Inter 3,327-333 

215 Heitz T, Geoffroy P, Stintzi A, Fritig B, Legrand M 
( 1993) cDNA cloning and gene expression analysis of the 
microbial proteinase inhibitor of tobacco. J Biol Chem, in 

216 r;ii CA (1990) Protease inhibitors in plants: genes for 
improving defenses against insects and pathogens. Annu 
Rev Phytopathol28,425-449 

217 Lagrimini LM, Rothstein S (1987) Tissue-specificity of 
tobacco peroxidase isozymes and their induction by 
wounding and toba.cco mosaic infection. Plant Physiol 
84,43842 

218 Lagrimini LM, Burkhart W, Moyer M, Rothstein S 
( 1987) Molecular cloning of complementary DNA enco- 
ding the lignin-forming peroxidase from tobacco: mok- 
cular analysis and tissue-specific expression. Proc Nat1 
Acad Sci USA 84,7542-7546 



706 

2 19 Massala R, Legrand M, Fritig B ( 1980) Effect of a-ami- 
nooxyacetate, a competitive inhibitor of phenylalanine 
ammonia-lyase, on the hypersensitive resistance of 
tobacco to tobacco mosaic virus. Physiol Plunl Path01 16, 
213-226 

220 Massala R, Legrand M, Fritig B ( 1987) Comparative 
effects of two competitive inhibitors of phenylalanine 
ammonia-lyase on the hypersensitive resistance of 
tobacco to tobacco mosaic virus. Plant Physioi Biochem 
25.2 17-225 

221 Jaeck E, Dumas B, Geoffroy P, Favet N, InzC D, Van 
Montagu M, Fritig B, Legrand M (1992) Regulation of 
enzymes involved in lignin biosynthesis: induction of O- 
methyltransferase mRNAs during the hypersensitive reac- 
tion of tobacco to tobacco mosaic virus. Mr~l Plunf 
Microbe Inter 5,294-300 

222 Edelbaum 0, Ran N. Grati G, Sher N, Stram Y, Novick D, 
Tal N, Sela I, Rubinstein M (1990) Two antiviral proteins 
from tobacco; purificlrtiuu and characterization by mono- 
clonal antibodies to human -interferon. PIYJC Nat1 Acad 
Sci USA 87.588-592 

223 Edelbaum 0, Sher N, Rubinstein M, Novick D, Tal N, 
Moyer M, Ward E, Ryals J, Sela I (1991) Two antiviral 

proteins, gp35 and gp22, correspond to P-1.3-glucanas’r: 
and an isoform of PR-5. Plant Mol Biol 17, 17 1- 173 

224 Huynh QK, Borgmeyer JR, Zobel JF (1992) Isolation and 
characterization of a 22 kDa protein with antifungal pro- 
perties from maize seeds. Biochem Biophys Res Commun 
182, l-5 

225 Payne G, Ah1 P, Moyer M, Harper A, Beck J, Meins F, 
Ryals J ( 1990) Isolation of complementary DNA clones 
encoding pathogenesis-related proteins P and Q, two 
acidic chitinases from tobacco. Proc Nat1 Acad Sci USA 
87,98-102 

226 Linthorst HJM, Van Loon LC, Van Rossum CMA, Mayer 
A, Bol JF, Van Roekel JSC, Meulenhoff EJS, Comelissen 
BJC ( 1990) Analysis of acidic and basic chitinases from 
tobacco and petunia and their constitutive expression in 
transgenic tobacco. MO! Plant Microbe Inter 3,252-258 

227 Kauffmann S, Bailleul F, Genetet I, Kopp M, Fritig B 
(1993) Two proteins b~l;icJ by Phytophthora mega- 
sperma elicit necrosis and defence-related responses in 
tobacco. In: Mechanisms of Plant Defense Responses 
(Fritig B, Legrand M, eds) Kluwer Academic Publishers, 
Dordrecht, 140-143 


