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3.1. Introduction

Several classes of proteins, called pathogenesis-related (PR) proteins, are induced
in response to the infection of plants with microbial pathogens. 1-3 This chapter
deals with the family of PR-2 proteins, which are ß-1,3-glucanases (glucan endo-
1,3-ß-glucosidases, E.C. 3.2.1.39) able to catalyze endo-type hydrolytic cleavage of
the 1,3-ß-D-glucosidic linkages in ß-1,3-glucans. The ß-1,3-glucanases are
abundant, highly regulated enzymes widely distributed in seed-plant species
(reviews 4-7). Although the major interest in ß-1,3-glucanases stems from their
possible role in the response of plants to microbial pathogens, there is strong
evidence that these enzymes are also implicated in diverse physiological and
developmental processes in the uninfected plant including cell division, 8,9

microsporogenesis, 10,11 pollen germination and tube growth, 12,13 fertilization,
14,15 embryogenesis, 16,16a fruit ripening, 17 seed germination, 18,19 mobilization
of storage reserves in the endosperm of cereal grains, 20 bud dormancy, 21 and
responses to wounding, cold, ozone and UV B. 22-26

In this chapter we focus on progress being made in understanding the function
and regulation of ß-1,3-glucanases in reproductive development and pathogenesis.
For more general information on plant ß-1,3-glucanases, the reader is referred to
the extensive reviews by Stone and Clarke, 7 Meins et al., 4 Simmons, 6 and Høj
and Fincher. 5

3.2. Structural classes of ß-1,3-glucanases and PR-2 nomenclature

ß-1,3-Glucanases (ßGlu) exist as multiple structural isoforms that differ in size,
isoelectric point, primary structure, cellular localization, and pattern of regulation. 4

The most detailed sequence information for these isoforms is available from cDNA
and genomic clones of tobacco ßGlu, which form a multigene family. Based on
amino acid sequence identity, the various ßGlu of the genus Nicotiana have been
be classified into three structural classes. 4,27,28 The classification, nomenclature
and salient features of these ßGlu are summarized in Table 3.1. Similar structural
isoforms have been reported for tomato, potato and other plant species 29-32

(reviews 4,6).
The ca. 33 kDa class I enzymes (ßGlu I) of Nicotiana tabacum, which

constitute the PR-2e subgroup of tobacco PR-proteins, are basic proteins localized
in the cell vacuole. 33-35 ßGlu I is produced as a preproprotein with a N-terminal
hydrophobic signal peptide, which is co-translationally removed, and a C-terminal
extension N-glycosylated at a single site. The proprotein is transported from the
endoplasmic reticulum via the Golgi compartment to the vacuole where the C-
terminal extension is removed to give the mature, ca. 33 kDa enzyme, which is not
glycosylated. 35,36 There is considerable indirect evidence that, in analogy to
tobacco class I chitinases 37 and barley lectin, 38 the C-terminal extension contains
a signal for targeting to the vacuole. 10,39 Recent results obtained with cultured
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Table 3.1
PR-2 family members (ß-1,3-glucanases) of tobacco and other Nicotiana species

Class a Member name Trivial name Origin b MW (kDa) c pI Localization References

I PR-2e Glb Nt (T) 33 basic Vacuole 42,36,18,19,71, 24

I PR-2e Gla Nt (S) 33 Basic Vacuole 36, 42

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

I PR-2e Gln2 Nt (S) Basic Vacuole 132, 126

I Gn2 d Np Basic Vacuole 40

I Gn1 d Np 34 Basic Vacuole 41, 127

I I PR-2a PR-2 (I, b4) Nt 35 Acidic Secreted 27

I I PR-2b PR-N (b5), G19 Nt 35 Acidic Secreted 27, 44, 125

I I PR-2c PR-O (b6(b), O') Nt 35 Acidic Secreted 27, 142

I I PR-2d Nt Acidic Secreted 128, 129

I I stylar ßGLU e Sp41a Nt 41 Acidic Secreted 14, 15, 60

I I stylar ßGLU e Sp41b Nt 41 Acidic Secreted 14, 15

I I I PR-2d PR-Q' Nt 35 Acidic Secreted 28

IV  f anther ßGLU e Tag1 Nt 35 Acidic Secreted 11

a Classification according to amino acid sequence identity of the mature proteins (ref. 4)
b Nicotiana tabacum (Nt); N. plumbaginifolia (Np); T and S refer to the N. tometosiformis and N. sylvestris

progenitors of tobacco, respectively.
c Approximate molecular weight of mature protein; Selected values from the literature, which might differ between publications.
d Amino acid sequence identity to tobacco ßGLU I enzymes of the N. plumbaginifolia enzymes is ca. 98 % for Gn2,

but only ca. 76 % for Gn1
e Not induced by pathogens, i.e. a "PR-like protein" (ref. 1).
f Tag1 is assigned to a new class, since it shares only 37-38 % amino sequence identity to Gla, PR-2, and PR-Q'.

tobacco cells provide strong evidence that vacuolar class I ßGlu and chitinases can
be secreted into the medium via a novel pathway. 39a

The known mature ßGlu I of tobacco and Gn2 of Nicotiana plumbaginifolia
share ca. 98 % amino acid identity. 40 In contrast, with only ca. 76 % similarity, the
Gn1 of N. plumbaginifolia is structurally more distinct. 41 The tobacco ßGlu I
multigene family consists of very similar homeologues derived from the N. sylvestris
and N. tomentosiformis progenitors of tobacco as well as recombinants of the two
progenitor types. 42

In contrast to ßGlu I, the class II and III members of the PR-2 family are
secreted into the extracellular space (reviews 2,4,6). The tobacco class II ßGlu PR-
2a, PR-2b, PR-2c and the class III ßGlu PR-2d, also known as PR-2, PR-N, PR-O,
PR-Q', respectively, 1 are acidic proteins without the C-terminal extension present
in the class I enzymes ranging in apparent size from ca. 34 to 36 kDa in denaturing
gels. 43 The class II tobacco isoforms are at least 82 % identical in amino acid
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sequence and differ from the class I enzymes at a minimum of 48.8 % of the
positions. 4,6,27,44 Class II also includes the two acidic 41 kDa stylar ßGlu isoforms,
Sp41a and Sp41b, which are exclusively expressed in the style of tobacco flowers.
15 They do not appear to be induced by pathogen infection and, hence, are referred
to as "PR-like proteins". 1

The acidic ca. 35 kDa PR-2d (PR-Q') is the sole representative of tobacco
class III ßGlu and differs in sequence by at least 43 % from the class I and class II
enzymes. 28 Two highly homologous cDNA clones for class III ßGlu have been
isolated from tomato plants infected with a viroid. 31 Based on deduced amino-acid
sequences, TomPR-Q'a is an acidic isoform 86.7 % identical to tobacco PR-Q' and
TomPR-Q'b is a basic isoform 78.7 % identical to tobacco PR-Q'.

Tag1 appears to represent a novel class of tobacco ßGLU. It is a "PR-like"
protein which is expressed specifically in tobacco anthers. 11 Like the tobacco class
I ßGLU, Tag1 is encoded by a small gene family with at least two members derived
from the N. sylvestris and N. tomentosiformis progenitors of tobacco. Based on
deduced amino acid sequence, Tag1 encodes a polypeptide with an N-terminal
signal peptide, but no C-terminal extension, suggesting that the protein may be
secreted. The mature form of Tag1 is an acidic, 35 kDa protein, which shares
absolutely conserved sequences found in all classes of tobacco ßGLU. It is 37-38
% identical in sequence to the mature forms of tobacco class I Gla, class II PR-2,
and class III PR-Q'. Based on the criteria used earlier to for tobacco ßGlu, 4 we have
assigned Tag1 to a new class, IV (Table 3.1).

The specific enzymatic activities and substrate specificities of different ßGlu
vary considerably. The ßGlu I and class II PR-2c appear to be 50 to 250 times more
active in degrading the ß-1,3-glucan substrate laminarin than the class II PR-2a and
PR-2b and the class III PR-2d enzymes. 24,45 The mechanism of catalysis has been
recently reviewed by Davies and Henrissat 46 and by Høj and Fincher. 5 The
complete structure three-dimensional structure of a barley ßGlu has been
determined. 47

3.3. Biological functions of ß-1,3-glucanases

3.3.1. Plant reproductive biology

3.3.1.1. Anther ß-1,3-glucanases

Pollen development begins with the division of diploid sporophytic cells within the
anther, which gives rise to tapetal cells and pollen mother cells (reviews 48,49).
The tapetum forms a single layer of cells around the anther locule in which the
pollen develops. The pollen mother cells undergo meiosis to form tetrads of haploid
microspores. In almost all higher plants each individual microspore of the tetrad is
surrounded by a thick callose wall composed of a ß-1,3-glucan, which is laid down
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between the cellulose cell wall and the plasma membrane. At a critical stage of
microspore development, the callose wall of the tetrads is degraded by callase
activity, which is secreted by the tapetal cells. The microspores are then released
into the anther locule where they develop into mature pollen grains. Although the
callose wall is essential for production of fertile pollen, its function is unknown.
Proposed functions include physical and chemical isolation of the developing
gametes from sporophytic tissues, mechanical isolation of the meiocytes and
tetrads, protection from environmental and osmotic stress, and formation of the
pollen cell wall. 11

In the anthers of petunia and lily, expression and secretion of callase activity is
under strict developmental control. 50,51 The callase complex of lily consists of a 32
kDa endo-ßGlu and a 62 kDa exo-type ß-1,3-glucanase. 52 The endo-type enzyme
seems to be most important for the degradation of the callosic walls, while the exo-
type ß-1,3-glucanase is involved in the further hydrolysis of released
oligosaccharides. Alterations in the timing of ßGlu expression, or failure to express
ßGLU, leads to abnormal dissolution of the tetrad callose walls, which has been
shown to be a primary cause of male sterility in cytoplasmic male-sterile lines of
petunia, 53 sorghum, 54 and soybean. 55

Two ßGlu genes have been identified that are expressed during
microsporogenesis. The A6 gene was originally identified as an anther-specific
Brassica napus cDNA, which was then used to isolate genomic clones of the
Arabidopsis thaliana homologues. 56 Based on deduced amino acid sequences
and immunoblotting experiments, A6 encodes a polypeptide with a domain similar
in sequence to ßGlu and a 114 amino-acid long C-terminal domain, which is not
present in other known ßGLU. Reporter gene studies established that A6-gene
expression is tapetum specific and temporally correlated with the expression of
callase activity. Transcripts of the class IV tobacco anther ßGlu Tag1 are also
expressed exclusively in the tapetum and show a callase-like pattern of expression.
11 Tag1 mRNA is not detectable in flower buds, pistil, sepals, petals, roots, healthy
and TMV-infected leaves.

Further evidence for a role of ßGlu in callose-wall dissolution and
microsporogenesis has come from sense-transformation experiments. Worrall et al.
10 transformed tobacco with a gene encoding a tobacco ßGlu I with the C-terminal
extension deleted, which is secreted into the extracellular space. Tobacco plants
that express the recombinant extracellular ßGlu I under the control of the tapetum-
specific promoters of the Arabidopsis A3 and A9 genes exhibited premature
degradation of callose in microspore cell walls, production of abnormal
microspores, and partial to complete male sterility. No male sterility was observed
in transformants obtained with the extracellular ßGlu I regulated by the cauliflower
mosaic virus (CaMV) 35S RNA promoter. Similar results were obtained in lettuce,
56a and by expressing in transgenic tobacco the cDNA of a pathogenesis-related
extracellular endo-ßGlu from soybean using the rice, tapetum-specific Osg6B
promoter. 57 Taken together the sense transformation experiments indicate that
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premature callose degradation is sufficient to cause male sterility and suggest that
formation of the callose cell wall and its proper developmental degradation by
endo-ßGlu are critical for microsporogenesis.

3.3.1.2. Stylar ß-1,3-glucanases

As part of the fertilization process, pollen tubes grow through the transmitting tissue
of the style toward the ovary (reviews 58,59). The transmitting tissue consists of
elongated, secretory cells, connected end-to-end through plasmodesmata. It is
believed that interactions between the transmitting tissue and the growing pollen
tube are important for guiding pollen tube growth toward the ovules and successful
fertilization.

The class II ßGlu Sp41 of tobacco is a "PR-like" protein encoded by the two
closely related Sp41a and Sp41b genes. 14,15 It is a major component -- up to 20%
-- of the soluble protein in the stylar transmitting tissue of the tobacco flower. The
mature form of Sp41 is a ca. 41 kDa, acidic, glycoprotein, which is secreted into the
extracellular matrix.  Measurements of Sp41 protein, Sp41 steady-state mRNA, and
activity of the Sp41a-gene promoter indicate that Sp41 is expressed exclusively in
the style in a developmentally regulated fashion. 14,15,60 Accumulation of the
protein begins 4 days before anthesis and reaches a broad peak from 2 days
before anthesis until style senescence. No expression is found in leaf, root, sepal,
petal, anther, pollen sac, and ovary. Moreover, the protein is not induced by TMV in
leaves or by treatment with abiotic elicitors of PR proteins in leaves and styles.
Reporter-gene experiments have shown that 2.5 kb 5'-noncoding region of the
Sp41a gene is sufficient to confer transmitting-tissue specific expression.

Sessa et al. 60 used antisense transformation to find out if expression of Sp41
has an essential role in reproductive development.  Tobacco plants were
transformed with a construct containing a partial Sp41a cDNA in reverse orientation
fused to a CaMV 35S promoter, which is active in the style, and a TMV Ω enhancer
of translation. The results are difficult to interpret: Although neither Sp41 protein nor
ßGlu activity was detected and fertility was reduced in 3 of 18 primary
transformants, progeny obtained by outcrossing the Sp41-deficient transformants
were fully fertile even though many of them had undetectable or greatly reduced
levels of Sp41. Moreover, no direct effects on stylar development or pollen tube
growth related to Sp41 deficiency were observed. Sessa et al. 60 suggest as
possible explanations that either the Sp41 deficiency is significant only under
specific environmental conditions not met in their experiments; or, that Sp41 has a
role in defense against pathogen infection rather than in the fertilization process.
Another possibility is that the plants can compensate for the deficiency by
producing other proteins with Sp41-like functions as has been reported for ßGlu I
induced in tobacco by TMV infection. 43
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3.3.1.3. Endosperm ß-1,3-glucanases

Germination of seeds is a complex physiological process triggered by imbibition of
water. Under favorable conditions rapid growth of the embryo culminates in rupture
of the covering layers and emergence of the radicle. In many species the enclosing
tissues act as a physical barrier which must be overcome by the growth potential of
the embryo if the seed is to complete its germination (reviews 61,62). Little is known
about the molecular basis for the rupture and physical penetration of these covering
layers.

In the case of tobacco, the embryo is surrounded by three to five layers of
rather thick-walled endosperm cells in the mature seed. The periphery of the
endosperm is pressed against the thin seed coat (testa), consisting of cutinized and
lignified dead cells. 63 Rupture of the testa and rupture of the endosperm are
separate events in the germination of tobacco seeds (Fig. 3.1) 19,64 and there is
strong evidence that endosperm rupture is the limiting factor in the germination of
these seeds. Electron microscopic studies support the view that the

Figure 3.1: Working model for tobacco seed germination. Rupture of the testa and
rupture of the endosperm are separate events in Nicotiana tabacum. Class I ß-1,3-
glucanase accumulates just prior to endosperm rupture and is proposed to promote
radicle protrusion by weakening of the endosperm. Plant hormones and
environmental factors alter the germination process and in strict correlation with this
either promote (+) or inhibit (-) class I ß-1,3-glucanase induction. GA =
gibberellin(s); ABA = abscisic acid; Pfr = Phytochrome. The model summarizes
results from Leubner-Metzger et al. 19,65,71
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endospermic hole of the germinated seed, which is always at the micropylar end, is
formed by "dissolution" rather than by "pushing" action. 64 In photodormant varieties
of tobacco, both the seed-coat and endosperm remain intact in the 80-90 % of
seeds that do not germinate in darkness. 63,65-67 However, when the seed coat
and endosperm are mechanically removed, there is radicle growth even in the
absence of light. 68-70 Finally, treatment of tobacco seeds with 10 µM abscisic acid
(ABA) greatly delays endosperm rupture and results in the formation of a novel
structure consisting of the enlarging radicle with a sheath of greatly elongated
endosperm tissue 19 (Fig. 3.1).

The first hint that ßGlu may play a role in tobacco seed germination was our
observation that ßGlu I is induced during germination. 18,19 Measurements of ßGlu
activity, ßGlu I protein and mRNA in combination with reporter-gene experiments
with the E. coli uidA gene (Gus reporter-gene) fused to the promoter of the tobacco
class I ß-1,3-glucanase B gene (Glb) established that most if not all of the ßGlu
activity is due to transcriptional induction of the ßGlu I isoforms. ßGlu I is induced
exclusively in the micropylar region of the endosperm where the radicle will
penetrate, but prior to endosperm rupture. Finally, ßGlu I induction during
germination is not a classical defense-type response, since chitinases (Chn) and
the known acidic class II and III ßGlu are not induced. Based on these findings, we
proposed as a working hypothesis that ßGlu I weaken the endosperm by digestion
of cell-wall material and that this promotes radical protrusion to facilitate
germination (Fig. 3.1).

In support of this hypothesis, treatment of tobacco seeds incubated in the light
with ABA does not affect seed-coat rupture but greatly delays subsequent
endosperm rupture and inhibits the rate of endosperm-specific ßGlu I accumulation
in a concentration dependent manner. 19 Gibberellins (GA), which can substitute for
light in releasing dormancy, induced ßGlu I in the dark in association with
germination. 65 Recent results 71 provide evidence that ethylene is required both
for high levels of ßGlu I expression in the micropylar endosperm and for endosperm
rupture. Although the close correlation between ßGlu I induction and the onset of
endosperm rupture under a variety of physiological conditions (Fig. 3.1) is
consistent with our working hypothesis, direct evidence is still lacking. One
approach we are currently exploring is the use of sense- and antisense-
transformation to alter the level of expression of ßGlu I during the germination
process.

It is well established that 1,3;1,4-ß-glucanases, which are structurally related
to ßGlu but differ in substrate specificity, 5,47,72 hydrolyze the 1,3;1,4-ß-glucan cell
walls of the starchy endosperm during the germination of cereals (reviews 5,6,73.
Less is known about the function of cereal ßGlu, which are present in ungerminated
grain and rise markedly in concentration during germination. However, the putative
substrate, ß-1,3-glucan, is not abundant in cereal grains and is restricted to small
callosic deposits scattered through the starchy endosperm. Fincher 73 has
proposed that the high levels of ßGlu are part of a preemptive strategy to protect the
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grain against microbial attack. Cordero et al. 74 found that one ßGlu isoform and
three Chn isoforms are induced in germinating maize kernels infected by Fusarium
moniliforme. In contrast, a second ßGlu isoform is expressed in embryo and radicle
tissues, but is not induced by fungal infection. These findings support the view that
cereal ßGlu, in addition to their possible role in pathogen defense, might also be
involved in embryogenesis and seed germination.

3.3.2. Pathogenesis-related functions

In 1971, Abeles et al. 75 suggested that the glucanohydrolases ß-1,3-glucanase
(ßGlu) and chitinase (Chn) might function as a defense against fungal pathogens.
At about the same time, the PR-proteins were first described as a novel set of
abundant proteins accumulating in leaves of resistant tobacco cultivars reacting
with hypersensitive response (HR) to infection with tobacco mosaic virus (TMV).
3,76,77 Later, it was shown that the PR-proteins include ßGlu (the PR-2 family) 45

and Chn (the PR-3 family) (reviews 2,24,78).
There is now compelling evidence that ßGlu and Chn, acting alone and

particularly in combination, can help defend plants against fungus infection. It has
been proposed that these glucanohydrolases act in at least two different ways:
directly, be degrading the cell walls of the pathogen; and, indirectly by promoting
the release of cell-wall derived materials that can act as elicitors of defense
reactions (reviews 4,79-83).

3.3.2.1. In vitro antifungal activity

ßGlu and Chn can hydrolyze ß-1,3-glucans and chitin, respectively, which are
major components of the cell walls of many pathogenic and potentially pathogenic
fungi (review 84). Although, in some cases, treatment with ßGlu or Chn can inhibit
fungal growth in vitro, more often combinations of the two enzymes are required for
antifungal activity (reviews 79,81,85).

Several studies have been made in which different ßGlu and Chn isoforms
were tested for in vitro antifungal activity. 86-93 Only class I vacuolar isoforms of
tobacco ßGlu and Chn were effective in promoting the lysis of hyphal tips and
inhibiting the growth of Fusarium solani . 89 These effects were greatly enhanced
by using combinations of ßGlu I and class I Chn. In contrast, the class II ßGlu PR-2a,
PR-2b, and PR-2c did not exhibit antifungal activity either alone or in any
combinations tested. Similar studies with tomato ßGlu and Chn have shown that the
vacuolar class I isoforms, but not the secreted class II isoforms inhibit growth of
Alternaria solani , Trichoderma viride  and Phytophthora infestans; 91,93 and that
none of the combinations of ßGlu and Chn tested inhibited growth of the tomato
pathogen Cladosporium fulvum. 92
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3.3.2.2. Release of fungal elicitors

Plant ßGlu can release oligosaccharides from cell walls of the pathogens, which
can then act as elicitors of defense reactions (reviews 81-83). This is well-
documented for interactions between soybean and the ß-glucan elicitor from the
pathogenic oomycete Phytophthora megasperma f. sp. glycinea. 94-107 Following
fungal attack, soybean ßGlu releases ß-glucans from the fungal cell wall, which
then induce accumulation of the phytoalexin glyceollin. The smallest ß-glucan
released with elicitor-activity was a ß-1,3-ß-1,6-heptaglucoside 95 and the structural
requirements for elicitor activity of these oligosaccharides have been investigated.
96

Proteins which bind this oligosaccharide elicitor have been purified from
soybean membranes. 104,105 Recently Umemoto et al. 97 isolated a cDNA for a ß-
glucan elicitor binding protein (GEBP), which is localized in the plasma membrane
of soybean root cells. Expression of the soybean GEBP gene has been shown to
confer ß-glucan binding activity to Escherichia coli and to tobacco cells cultured in
suspension, suggesting that GEBP might be an elicitor receptor.

Soybean ßGlu have been purified that are able to release active ß-glucan
elicitors from fungal cell walls. 98,99,106,107 The enzyme described by Takeuchi et
al. 98 is 63% identical in amino acid sequence to the tobacco class III ßGlu PR-Q',
but only 55% and 51% identical to the class I and class II enzymes of tobacco,
suggesting that the soybean enzyme is a class III ßGLU. Albersheim and Valent 94

have reported that the fungus Colletotrichum lindemuthianum secretes a protein
that inhibits an endo-ßGlu of its host, French bean. Recently, Ham et al. 99

presented evidence that fungal pathogens secrete proteins that can selectively
inhibit plant ßGlu. They purified two basic pathogenesis-related ßGlu, EnGLsoy-A
and EnGLsoy-B, from soybean seedlings as well as a ß-1,3-glucanase inhibitor
protein (GIP-1) from the culture fluid of Phytophthora sojae f. sp. glycines (formerly
Phytophthora megasperma f. sp. glycinea). GIP-1 specifically inhibited the soybean
EnGLsoy-A, but not EnGLsoy-B or several other ßGlu including tobacco class II PR-
2c and enzymes secreted by the fungus. GIP-1 does not exhibit proteolytic activity
but does appear to physically bind to EnGLsoy-A. The fungal pathogen can also
secrete GIPs with other host ßGlu as targets. Thus, fungal pathogenesis appears to
involve a complex interplay between host ßGlu and pathogen ßGlu and ßGlu
inhibitors.

3.3.2.3. Enhanced resistance to fungal pathogens resulting from
transgene expression

There is strong evidence that expression of ßGlu transgenes alone or in
combination with Chn  transgenes regulated by the strong CaMV 35S RNA
promoter can reduce the susceptibility of plants to infection by certain fungi.
Transgenic tobacco plants expressing a soybean ß-1,3-glucan-elicitor releasing
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ßGlu or the tobacco class II ßGlu PR-2b show reduced symptoms when infected
with Alternaria alternata or the oomycetes Phytophthora parasitica var. nicotianae
and Peronospora tabacina. 102,102a ß-1,3-Glucans are the major components of
the cell walls of oomycetes, a group of fungi that do not contain chitin. 84

In many cases, a pronounced synergic effect is obtained when ßGlu and Chn
transgenes are expressed in combination. Tomato plants expressing tobacco class
I ßGlu and Chn transgenes show reduced susceptibility to infection by Fusarium
oxysporum f.sp. lycopersici, whereas expression of either gene alone is not
effective. 108 Sela-Buurlage et al. 85,89 transformed tobacco plants with transgenes
encoding modified class I tobacco ßGlu and Chn that are secreted. They found that
the extracellular wash fluid from the leaves of plants expressing both ßGlu and Chn
showed strong antifungal activity against Fusarium solani, whereas this effect was
less for plants expressing either transgene alone. Tobacco plants expressing a
bean class I Chn gene show decreased susceptibility to the root pathogen
Rhizoctonia solani. 109 Resistance to infection was further enhanced by co-
expression of this Chn gene with barley class II ßGlu and Chn genes. 110 Alfalfa
plants expressing alfalfa Aglu1 acidic ßGlu and rice Rch10 basic Chn transgenes
showed reduced disease symptoms when infected with the oomycete pathogen
Phytophthora megasperma f. sp medicaginis, which does not contain chitin in its
cell walls, whereas no reduction in symptoms was observed with several chitin-
containing fungal pathogens. 111 Expression the Rch10 and Aglu1 transgenes also
substantially increased protection of tobacco against the chitin-containing fungus
Cercospora nicotianae, the causal agent of the frogeye disease, relative to plants
expressing either of the transgenes alone. 112 In contrast, susceptibility of N.
sylvestris to C. nicotianae was not affected by high level expression of tobacco
class I Chn 113 or deficiencies in host ßGlu I generated by antisense transformation.
114 The latter results suggest that host ßGlu I may not be required for defense
against this pathogen.

3.3.2.4. Decreased susceptibility to viral disease of ß-1,3-glucanase-
deficient plants

The induction of ßGlu as part of the hypersensitive reaction is a stereotypic
response, i.e., the pattern of induction is similar for viral, bacterial, and fungal
pathogens (review 115). Although antifungal ßGlu I appears to be tailored for
defense against fungi, recent studies of ßGlu I-deficient mutants generated by
antisense transformation suggest that these enzymes also play an important role in
viral pathogenesis.

TMV infection of leaves of tobacco cultivars showing a local-lesion response
induces the expression of all three ßGlu classes. 27 Antisense transformants of
Havana 425 tobacco and Nicotiana sylvestris transformed with sequences of Gla,
the N. sylvestris homeologue of tobacco ßGlu I, in reverse orientation regulated by
the CaMV 35S RNA promoter show greatly reduced levels of ßGlu I. 43,114,116,117
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Expression of class I but not class II or class III ßGlu is effectively and specifically
blocked when these antisense lines are infected with TMV. 117 The antigen content
for the ßGlu I in lower leaves of healthy transgenic plants is reduced ca. 20-fold.
They are fertile, develop normally under greenhouse conditions, and like in the
wild-type plants, they accumulate the known pathogen-inducible class II and class
III isoforms of ßGlu when infected with necrotizing viruses. 43 A novel intracellular
form of ßGlu serologically distinct from any of the known tobacco ßGlu is induced in
ßGlu I-deficient plants, but not in wild-type plants by virus infection. Thus, plants can
compensate for a deficiency in enzyme activity by producing a functionally
equivalent replacement - i.e. "ersatz" protein or proteins. The fact that compensation
occurred specifically in response to virus infection suggests an important role of
ßGlu in pathogenesis.

Unexpectedly, the ßGlu I-deficient mutants showed markedly reduced lesion
size, lesion number, and virus yield in the local-lesion response of Havana 425
tobacco to TMV and N. sylvestris to tobacco necrosis virus. 117 In contrast to ßGlu I,
no change in resistance to TMV was reported for antisense and sense
transformation with constructs for the class II ßGlu PR-2b. 102a The ßGlu I-deficient
N. sylvestris mutants 117 also showed decreased severity and spread of mosaic
disease symptoms and reduced virus yield in the susceptible response to TMV.
Moreover, the symptoms of disease in both plant species were positively correlated
with ßGlu I content in a series of independent transformants providing direct
evidence for a function of these enzymes in viral pathogenesis.

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

3.4. Regulation of ß-1,3-glucanase expression

ßGlu show developmental regulation and regulation in response to treatment with
hormones or infection with pathogens. Early studies were made based on the basis
of measurements of enzyme activity before it was recognized that there are different
classes of ßGlu (e.g. refs. 119-123). More recently, specific ßGlu proteins have
been measured immunologically and their mRNAs have been measured semi-
quantitatively by RNA-blot hybridization. In a limited number of cases, regulation of
transcription has been studied using plants transformed with Gus reporter genes
under the control of the promoter region of ßGlu genes, namely: 1) The tobacco
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class I N. tomentosiformis homeologue Glb, 18,124 and the tobacco class I N.
sylvestris  homologues Gglb50 125,153a and Gln2 126. 2) The less-related ßGlu I
gene Gn1 of N. plumbaginifolia. 41,127 3) The tobacco class II ßGlu genes PR-2b
(G19, PR-N) 125 and PR-2d. 128,129

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

3.4.1. Developmental and hormonal regulation

3.4.1.1. Class I ß-1,3-glucanases

ßGlu I accumulate at high concentrations in the roots and in lower leaves of mature,
healthy tobacco plants. 120,130,131 The ßGlu I content of leaves decreases toward
the top of the plant. Within leaves, they are localized in the vacuole of epidermal
cells. 34 ßGlu I transcripts accumulate at low levels in developing floral tissues of
tobacco 36,132 and potato 133 and accumulate at high levels during de novo flower
formation of tobacco. 131 The pattern of expression in leaves and roots of ßGlu I
proteins and steady state mRNA are very similar and are correlated with promoter
activity of the ca. 1.5 to 1.7 kb 5' flanking region. 120,124,125,130,132 Therefore,
regulation of ßGlu I in these organs appears to be primarily at the level of
transcription. Similar conclusions may be drawn for the less related ßGlu I gene
Gn1 of N. plumbaginifolia, which shows low promoter activity in upper leaves and
high promoter activity in lower leaves and roots. 41

The accumulation of ßGlu I protein and mRNA is strongly down-regulated
when discs of leaf tissue or callus cultures are incubated for less than 7 days on
medium containing combinations of auxin and cytokinin at physiological
concentrations. 120,130,134 This is a particularly rapid form of down regulation
detectable at the mRNA level one hour after suspension-cultured cells are treated
with auxin and cytokinin. 135 Down-regulation by auxin and cytokinin also appears
to be at least in part transcriptional since the decrease in steady state RNA is
correlated with decreased activity of the Glb promoter. 124,136

Many plant species react to treatment with the stress hormone ethylene with
induction of ßGlu I activity, protein, and mRNA in leaves. 30,79,121,137-139 Although
ethylene increases the ßGlu I content of epidermal cells slightly, its inductive effect
is most pronounced on mesophyll cells of the tobacco leaf. 34 Studies with
inhibitors of ethylene production and ethylene action have shown that ethylene is
required for the induction of ßGlu I in cultured tobacco cells. 121 Ethylene treatment
also dramatically increases the promoter activity of the tobacco ßGlu I gene Glb. 124

Similarly, ethephon (2-chloroethylphosphonic acid), which releases ethylene,
increases the promoter activity of the tobacco ßGlu I genes Gglb50 125 and Gln2
126 in leaves of transgenic tobacco. When applied to plants, ethephon also gives
rise to HCl and H3PO3.140 Since acids can induce accumulation of PR-protein
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transcripts, 141 control experiments have been performed suggesting the induction
of Gglb50 125 and Gln2 126 by ethephon is, in fact, due ethylene. As judged from
the ca. 20-fold increase in Gus reporter-gene activity following treatment with
ethylene or ethephon, ßGlu I promoters are highly induced by ethylene. Although
activity of the homologous N. plumbaginifolia Gn2 promoter is also highly induced
by ethylene in transgenic tobacco leaves, activity of the less homologous
N.plumbaginifolia Gn1 promoter shows only a weak, ca. 2.5-fold induction. 41

Regulation of ßGlu I and class I Chn is often tightly coordinated. 4,26,30 In
tobacco, their expression gradients in leaves and roots of the mature plant, their
kinetics of down-regulation in cultured by auxin and cytokinin, and their responses
in leaves to ethylene treatment and infection by pathogens are very similar. In
contrast, during the germination of tobacco seeds, ßGlu I, but not class I Chn, are
transcriptionally induced in the micropylar endosperm. 19 ABA inhibits this seed-
specific induction, 19 and also down-regulates ßGlu I, but not class I Chn at the
transcriptional level in tobacco pith-cell suspensions and cultured leaf discs. 136

3.4.1.2. Class II and class III ß-1,3-glucanases

The class II ßGlu PR-2a, PR-2b, and PR-2c are present in sepals, but not in other
floral organs. 128,142 In general, these acidic ßGlu do not appear to accumulate in
vegetative tissues of mature, healthy tobacco plants (e.g. refs. 27,28). Reporter
gene experiments suggest that the 1.7 kb promoter of the tobacco class II ßGlu PR-
2d gene is active in sepals, in the base of flowers, and in young seedlings, but not
in leaves, roots or the stem of mature tobacco plants. 128 In contrast, the 1.75 kb
class II ßGlu PR-2b promoter is active in leaves, stem and root of mature tobacco
plants, but at levels much lower than that of the tobacco ßGlu I Gglb50 promoter.
125

Treatment of plants with ethephon results in no detectable induction, or very
weak induction of class II and class III ßGlu in leaves of tobacco and tomato.
26,137,139,143

3.4.2. Pathogenesis-related regulation

In general, ßGlu and Chn are induced in plants infected with viral, bacterial, and
fungal pathogens. Similarly, elicitors including fungal glucans, 144,145 chitosan, 122

N-acetylchitooligosaccharides, 146 and glycoprotein 147 can induce the
accumulation of the two enzymes (reviews 79,81,82).

Tobacco cultivars carrying the dominant N gene from N. glutinosa show a
local lesion, hypersensitive reaction (HR) response to TMV rather than systemic
symptoms of mosaic disease. 2,148,149 These plants also show decreased disease
symptoms in response to secondary infection with certain other viral, bacterial and
fungal pathogens. This is an example of a type of induced long-lasting, broad
spectrum resistance called systemic acquired resistance (SAR) (reviews 150,151;
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refs. 152,153).
Class I ßGlu proteins and their mRNAs are induced in TMV-infected leaves of

tobacco as part of the local lesion, HR response. 2,4,28,44,45,116 Gus reporter-gene
experiments with the tobacco ßGlu I Gglb50 and Glb promoters have shown that
ßGlu I is transcriptionally induced by up to ca.10-fold in TMV infected leaves
showing HR. 124,125,153a Histological studies indicate that the Glb promoter is
active in a ring of cells around necrotic lesions induced by TMV infection, but not in
cells immediately adjacent to the lesions or in the lesions themselves. Gus activity
is also higher in areas with lesions compared to lesion-free areas, 124 which is in
agreement with the accumulation of basic PR-2 proteins in and around lesions
described by Heitz et al. 154

Activity of the weakly ethylene-inducible Gn1 promoter of N. plumbaginifolia is
strongly induced (ca. 21-fold) as part of the HR of tobacco leaves infected with the
incompatible bacterium Pseudomonas syringae pv syringae and is localized
around the necrotic lesions. 41,127 Induction of this promoter is much weaker in
leaves infected with the compatible bacterium Erwinia carotovora subsp carotovora
or a saprophytic strain of Pseudomonas fluorescens. 41 The Gn1 promoter is also
induced in a Cf-gene dependent manner in the interaction of transgenic tomato with
incompatible and compatible races of the leaf mold pathogen Cladosporium
fulvum. 155

Either no or weak and erratic RNA-blot hybridization signals for ßGlu I mRNAs
have been detected in uninfected leaves of TMV-infected tobacco plants indicating
that ßGlu I induction is a local response associated with HR. 26-28,142,153,156

The PR-related class II and III ßGlu are induced both locally in TMV-infected
leaves and systemically in noninfected leaves of the same plant. 26-

28,44,142,153,156-158 Gus reporter gene studies have shown that the promoters of
the tobacco class II PR-2b and PR-2d are induced both locally around necrotic
lesions on TMV-infected tobacco and systemically in noninfected leaves. 125,128

The close correlation between systemic induction of class II and class III ßGlu has
led to the use of these genes as markers for SAR (reviews 150,151; refs. 152,153).
For example, reporter gene constructs based on the Arabidopsis ßGlu II Bgl2
promoter have been used to isolate Arabidopsis SAR mutants such as cpr1
(constitutive expresser of PR genes) and npr1 (nonexpresser of PR genes). 150,151

Systemic accumulation of salicylic acid (SA) is associated with the HR of
tobacco, Arabidopsis thaliana, and certain other plants (reviews 150,151).
Treatment of mature, wild-type tobacco plants with SA strongly induces
accumulation of mRNAs of PR-related class II and III ßGlu and certain other PR
proteins; 153,158a and, promoter activity of the class II PR-2b 125 and PR-2d 128

genes is induced in response to SA. While SA is probably not the long-distance
systemic signal for SAR activation, it is required for transduction of the this signal in
leaves distal from the primary infection site (reviews 150,151). Thus, transgenic
tobacco plants expressing a bacterial salicylate hydroxylase gene (NahG) that fail
to accumulate significant amounts of SA are unable to develop SAR and do not
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show increased expression of SAR markers including class II and III ßGlu.
Transcripts of tobacco class I ßGlu and Chn are either not induced or only

weakly induced in response to SA. 44,132,153,158a,159 In contrast to the tobacco
class I Gglb50 and Glb promoters, the promoter of the less related N.
plumbaginifolia class I Gn1 promoter is strongly induced (ca. 14-fold) in transgenic
tobacco plants treated with SA. 41

3.4.3. Cis-acting elements

3.4.3.1 Class I ß-1,3-glucanase genes

Expression studies of the Gus coding region fused to deletion series of 5'-flanking
sequences have been used to identify regions of class I ßGlu promoters important
for transcriptional regulation. Elements for responsiveness to SA, ethylene, and
TMV are present in the -0.45 to -1.5 kb region of the 1.5 kb tobacco Gglb50
promoter. 125,153a The homeologous 1.6 kb tobacco Glb promoter confers proper
regulation to reporter gene expression in leaves, roots, seeds and cultured cells.
18,19,65,71,124,136 A more detailed analysis of the Glb promoter indicates that the
distal -1193 to -1452 region is required for high levels of expression in leaves and
for responsiveness to ethylene and TMV infection. 124 The distal region contains a
61-bp enhancer of transcription in N. plumbaginifolia protoplasts. 138 A slightly
modified 49-bp sequence from the highly homologous enhancer region of the
Bright Yellow tobacco Gln2 gene 132 is an ethylene-responsive element (ERE)
essential for ethylene responsiveness when combined with a minimal CaMV 35S
promoter. 126 Enhancer activity and ethylene responsiveness depend on the
integrity of two copies of the AGC-box, AGCCGCC, present in the promoters of
several ethylene-responsive genes. 126,138,160,160a

The same Glb deletion series has been used to analyze transcriptional
regulation of ßGlu I in the micropylar endosperm of germinating tobacco seeds. 71

The distal -1452 to -1193 region, which contains the ERE, is required for high-level,
ethylene-sensitive expression; the regions -1452 to -1193 and -402 to 0 are
important for down-regulation by ABA; and the region -402 to -211 is necessary and
sufficient for micropylar-endosperm specific expression. The -402 Glb promoter is
the shortest fragment giving developmental regulated expression in seeds 71 and
leaves. 124 It is not, however, the minimal promoter per se since the shorter -211
fragment confers root-specific expression. 124

Analysis of the N. plumbaginifolia class I Gn1 gene has shown that a short -
138 bp promoter is sufficient to confer full activity in transgenic tobacco leaves and
is more active than the -736 and -2000 promoters. 127 The region -138 to -98 of the
Gn1 promoter is sufficient for high-level response to Pseudomonas syringae pv
syringae infection.
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3.4.3.2. Class II ß-1,3-glucanase genes

Multiple regions of the ca. 1.7 kb tobacco class II PR-2b and PR-2d promoters
contain elements for inducibility by SA and TMV. 125,128 For the PR-2d gene this
includes a major cis-acting element in the region -364 to -288 which confers to a
core CaMV 35S promoter high-level expression in response to SA. 129

3.4.4. Signal transduction and trans-acting factors

A putative ethylene receptor and several upstream components of the ethylene
signaling pathway have been identified (reviews, 161-164). Far less is known about
downstream components closer to the activation of transcription. Nuclear factors
from tobacco leaves have been described that bind defined regions of the
promoters of the class I Gn1 of N. plumbaginifolia, 127 the class II PR-2d of tobacco,
129 and the class I Glb of tobacco. 138,153a

Tobacco cDNA clones have been identified representing four novel DNA-
binding proteins, called ethylene-responsive element binding proteins (EREBPs),
that specifically bind the ERE AGC box. 126 The mRNAs of EREBP-1 and EREBP-2
in the same class and EREBP-3 and EREBP-4, each in different classes, show
distinctive expression patterns in leaves, roots, and cultured cells which are
correlated with the pattern of ßGlu I expression. Accumulation of mRNAs for these
EREBPs in tobacco leaves is induced by ethylene treatment. Thus, it is likely that
the EREBPs are transcription factors important for ethylene-dependent, high-level
transcription of ßGlu I genes.

The deduced amino acid sequences of EREBPs are not similar to those of
classical DNA binding proteins or transcription factors, i.e. they do not contain a
basic leucine zipper or zinc finger motif. 126 The EREBP DNA binding domain is
highly homologous in sequence to a domain present in the APETALA2 (AP2)
protein, a regulator of meristem identity, floral organ specification, and seed coat
development. 164a Recently, homologues of the tobacco EREBPs have been
isolated from Arabidopsis thaliana and tomato. The Arabidopsis EREBP, AtEBP,
binds specifically to TAAGAGCCGCC, a AGC-box containing sequence and
confers ethylene-responsiveness to promoters of genes encoding PR-proteins. 160

AtEBP interacts with ocs element binding factors (OBFs), belonging to a specific
class of basic-region leucine zipper (bZIP) transcription factors. This suggests that
cross-coupling between EREBP and bZIP transcription factors occurs important in
regulating plant-defense related gene expression.

Further evidence linking EREBPs with the defense response has come from
an analysis of the tomato Pto resistance gene against Pseudomonas syringae pv
tomato. Three tomato genes, Pti4, Pti5 and Pti6 have been identified that physically
interact with the Pto kinase. 165 Each of these genes encode a protein with
characteristics that are typical of transcription factors and are similar to the tobacco
EREBPs. These proteins specifically bind a DNA sequence present in the promoter
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region of a large number of PR genes. These findings are of particular interest
because they establish a direct relationship between EREBPs, a disease-
resistance gene, and the specific activation of plant defense genes.

In animals, plants and fungi, cholera toxin (CTX) can activate signaling
pathways dependent on heterotrimeric GTP binding proteins (G-proteins). 139

Tissues of transgenic tobacco plants expressing CTX show greatly reduced
susceptibility to the bacterial pathogen Pseudomonas tabaci, accumulate high
levels of SA, and constitutively express PR protein genes including PR-1 and the
class II ßGlu. In contrast, the class I ßGlu are not induced and display normal
developmental and ethylene-responsive regulation. In good agreement with these
results, microinjection experiments demonstrate that CTX or GTP-γ-S induce the
expression of a Gus reporter gene regulated by the PR-1 promoter, but not by the
class I Glb promoter. Microinjection and grafting experiments strongly suggest that
CTX-sensitive G-proteins are important in inducing the expression of a subset of PR
genes and that these G-proteins act locally rather than systemically upstream of SA
induction.

Multiple signal transduction pathways in tobacco and Arabidopsis and "cross-
talk" between these pathways, seem to be utilized for the signaling of the induction
of different subsets of PR genes in response to different pathogens. One type of
pathway depends on ethylene and also leads to induction of the highly ethylene-
responsive tobacco class I ßGlu and Chn. 4,80,139,161,166,167 The SA-dependent
pathways associated with SAR induction also activate expression of class II and III
ßGlu genes. These pathways appear to be ethylene-independent in tobacco and
Arabidopsis 139,141,168 ( reviews 150,151).

Vidal et al. 159 have recently identified a SA-independent pathway in the
interaction between the soft-rot pathogen Erwinia carotovora subsp. carotovora and
tobacco. Treatment of tobacco with this bacterium or a sterile culture filtrate (CF)
containing elicitor(s) very rapidly induces local and systemic accumulation of
transcripts for PR-proteins including ßGlu I, but not of acidic PR-1a, which, in
contrast to ßGlu I, is induced by SA but not by ethylene. 2,169 SA is not the signal
molecule leading to the early response of plants to Erwinia, 159 since induction of
ßGlu I transcripts in SA-deficient transgenic NahG tobacco plants and wild-type
plants in response to CF is comparable. Therefore, the induction of ßGlu- and other
PR-protein genes by Erwinia and SA appear to involve two distinct pathways.

3.5. Concluding remarks

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

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

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

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

3.6. References

1. Van Loon LC, Pierpoint WS, Boller T, Conejero V. Recommendations for
naming plant pathogenesis-related proteins. Plant Mol Biol Rep
1994;12:245-264.

2. Stintzi A, Heitz T, Prasad V, Wiedemann-Merdinoglu S, Kauffmann S,
Geoffroy P, Legrand M, Fritig B. Plant 'pathogenesis-related' proteins and
their role in defense against pathogens. Biochemie 1993;75:687-706.



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 20 -

3. Antoniw JF, Ritter CE, Pierpoint WS, van Loon LC. Comparison of three
pathogenesis-related proteins from plants of two cultivars of tobacco infected
with TMV. J Gen Virol 1980;47:79-87.

4. Meins F Jr, Neuhaus J-M, Sperisen C, Ryals J. The primary structure of plant
pathogenesis-related glucanohydrolases and their genes. In: Boller T, Meins
F Jr, eds. Genes Involved in Plant Defense. Vienna, New York: Springer-
Verlag, 1992: 245-282.

5. Høj PB, Fincher GB. Molecular evolution of plant ß-glucan endohydrolases.
Plant J 1995;7:367-379.

6. Simmons CR. The physiology and molecular biology of plant 1,3-ß-D-
glucanases and 1,3;1,4-ß-D-glucanases. Crit Rev Plant Sci 1994;13:325-
387.

7. Stone BA, Clarke AE. Chemistry and Biology of (1→3)-ß-Glucans. Victoria,
Australia: La Trobe University Press, 1992

8. Waterkeyn L. Sur l'existece d'un "stade callosique" présenté par la paroi
cellulaire, au cours de la cytokinèse. C R Acad Sci Paris D 1967;265:1792-
1794.

9. Fulcher RG, Mc Cully ME, Setterfield G, Sutherland J. ß-1,3-Glucans may be
associated with cell plate formation during cytokinesis. Can J Bot
1976;54:459-542.

10. Worrall D, Hird DL, Hodge R, Paul W, Draper J, Scott R. Premature
dissolution of the microsporocyte callose wall causes male sterility in
transgenic tobacco. Plant Cell 1992;4(7):759-771.

11. Bucciaglia PA, Smith AG. Cloning and characterization of Tag1, a tobacco
anther ß-1,3-glucanase expressed during tetrad dissolution. Plant Mol. Biol.
1994;24:903-914.

12. Roggen HP, Stanley RG. Cell wall hydrolyzing enzymes in wall formation as
measured by pollen-tube extension. Planta 1969;84:295-303.

13. Meikle PJ, Bonig I, Hoogenraad NJ, Clarke AE, Stone BA. The location of (1-
3)-ß-glucans in the walls of pollen tubes of Nicotiana alata using a (1-3)-ß-
glucan-specific monoclonal antibody. Planta 1991;185:1-8.

14. Lotan T, Ori N, Fluhr R. Pathogenesis-related proteins are developmentally
regulated in tobacco flowers. Plant Cell 1989;1:881-887.

15. Ori N, Sessa G, Lotan T, Himmelhoch S, Fluhr R. A major stylar matrix
polypeptide (Sp41) is a member of the pathogenesis-related proteins
superclass. EMBO J 1990;9(11):3429-3436.

16. Dong JZ, Dunstan DI. Endochitinase and ß-1,3-glucanase genes are
developmentally regulated during somatic embryogenesis in Picea glauca.
Planta 1997;201(2):189-194.

16a. Helleboid S, Bauw G, Belingheri L, Vasseur J, Hilbert JL. Extracellular ß-1,3-
glucanases are induced during early somatic embryogenesis in Cichorium.
Planta 1998;205(1):56-63.

17. Hinton DM, Pressey R. Glucanase in fruits and vegetables. J Amer Soc Hort
Sci 1980;105:499-502.

18. Vögeli-Lange R, Fründt C, Hart CM, Beffa R, Nagy F, Meins F Jr. Evidence for
a role of ß-1,3-glucanase in dicot seed germination. Plant J 1994;5(2):273-



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 21 -

278.
19. Leubner-Metzger G, Fründt C, Vögeli-Lange R, Meins F Jr. Class I ß-1,3-

glucanase in the endosperm of tobacco during germination. Plant Physiol
1995;109:751-759.

20. Fincher GB, Stone BA. Physiology and biochemistry of germination in barley.
In: MacGregor AW, Bhatty RS, eds. Barley: chemistry and technology. St.
Paul: AACC, American Association of Cereal Chemists, 1993: 247-295.

21. Krabel D, Eschrich W, Wirth S, Wolf G. Callase-(1,3-ß-D-glucanase) activity
during spring reactivation in deciduous trees. Plant Sci 1993;93:19-23.

22. Ernst D, Bodemann A, Schmelzer E, Langebartels C, Sandermann HJ. ß-1,3-
Glucanase mRNA is locally, but not systemically induced in Nicotiana
tabacum L. cv. BEL W3 after ozone fumigation. J Plant Physiol
1996;148:215-221.

23. Thalmair M, Bauw G, Thiel S, Doehring T, Langebartels C, Sandermann H
Jr. Ozone and ultraviolet B effects on the defense-related proteins ß-1,3-
glucanase and chitinase in tobacco. J Plant Physiol 1996;148(1-2):222-228.

24. Linthorst HJM. Pathogenesis-related proteins of plants. Crit Rev Plant Sci
1991;10(2):123-150.

25. Hincha DK, Meins F Jr, Schmitt JM. ß-1,3-Glucanase is cryoprotective in vitro
and is accumulated in leaves during cold acclimation. Plant Physiol
1997;114:1077-1083.

26. Brederode F, Linthorst H, Bol J. Differential induction of aquired resistance
and PR gene expression in tobacco by virus infection, ethephon treatment,
UV light and wounding. Plant Mol Biol 1991;17:1117-1125.

27. Ward ER, Payne GB, Moyer MB, Williams SC, Dincher SS, Sharkey KC,
Beck JJ, Taylor HT, Ahl-Goy P, Meins F Jr, Ryals JA. Differential regulation of
ß-1,3-glucanase messenger RNAs in response to pathogen infection. Plant
Physiol 1991;96(2):390-397.

28. Payne G, Ward E, Gaffney T, Goy PA, Moyer M, Harper A, Meins F Jr, Ryals J.
Evidence for a third structural class of ß-1,3-glucanase in tobacco. Plant Mol
Biol 1990;15(6):797-808.

29. Oh HY, Yang MS. Nucleotide sequence of genomic DNA encoding the
potato ß-1,3-glucanase. Plant Physiol 1995;107(4):0032-0889.

30. Beerhues L, Kombrink E. Primary structure and expression of mRNAs
encoding basic chitinase and 1,3-ß-glucanase in potato. Plant Mol Biol
1994;24(2):353-367.

31. Domingo C, Conejero V, Vera P. Genes encoding acidic and basis class III ß-
1,3-glucanases are expressed in tomato plants upon viroid infection. Plant
Mol Biol 1994;24(5):725-732.

32. Van Kan JAL, Joosten MHAJ, Wagemakers CAM, van den Berg-Velthuis
GCM, de Wit PJGM. Differential accumulation of mRNAs encoding
extracellular and intracellular PR proteins in tomato induced by virulent and
avirulent races of Cladosporium fulvum. Plant Mol Biol 1992;20(3):513-527.

33. Van den Bulcke M, Bauw G, Castresana C, van Montagu M, Vandekerckhove
J. Characterization of vacuolar and extracellular β(1,3)-glucanases of
tobacco: Evidence for a strictly compartmentalized plant defense system.



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 22 -

Proc Natl Acad Sci USA 1989;86:2673-2677.
34. Keefe D, Hinz U, Meins F Jr. The effect of ethylene on the cell-type-specific

and intracellular localization of ß-1,3-glucanase and chitinase in tobacco
leaves. Planta 1990;182(1):43-51.

35. Sticher L, Hinz U, Meyer AD, Meins F Jr. Intracellular transport and
processing of a tobacco vacuolar ß-1,3-glucanase. Planta 1992;188(4):559-
565.

36. Shinshi H, Wenzler H, Neuhaus JM, Felix G, Hofsteenge J, Meins F Jr.
Evidence of amino and carboxyl-terminal processing of a plant defense-
related enzyme primary structure of tobacco prepro-ß-1,3-glucanase. Proc
Natl Acad Sci USA 1988;85(15):5541-5545.

37. Neuhaus JM, Sticher L, Meins F Jr, Boller T. A short C-terminal sequence is
necessary and sufficient for the targeting of chitinases to the plant vacuole.
Proc Natl Acad Sci USA 1991;88(22):10362-10366.

38. Bednarek SY, Raikhel NV. The barley lectin carboxyl-terminal propeptide is a
vacuolar protein sorting determinant in plants. Plant Cell 1991;3(11):1195-
1206.

39. Melchers LS, Sela-Buurlage MB, Vloemans SA, Woloshuk CP, Vanroekel
JSC, Pen J, van den Elzen PJM, Cornelissen BJC. Extracellular targeting of
the vacuolar tobacco proteins- AP24, chitinase and ß-1,3-glucanase in
transgenic plants. Plant Mol Biol 1993;21(4):583-593.

39a. Kunze I, Kunze G, Broker M, Manteuffel R, Meins F, Muntz K. Evidence for
secretion of vacuolar α-mannosidase, class I chitinase, and class I ß-1,3-
glucanase in suspension cultures of tobacco cells. Planta 1998;205(1):92-
99.

40. Gheysen G, Inze D, Soetaert P, van Montagu M, Castresana C. Sequence of
a Nicotiana plumbaginifolia ß-1,3-glucanase gene encoding a vacuolar
isoform. Nucleic Acids Res 1990;18(22).

41. Castresana C, De Carvalho F, Gheysen G, Habets M, Inze D, van Montagu
M. Tissue-specific and pathogen-induced regulation of a Nicotiana
plumbaginifolia ß-1,3- glucanase gene. Plant Cell 1990;2(12):1131-1144.

42. Sperisen C, Ryals J, Meins F Jr. Comparison of cloned genes provides
evidence for intergenomic exchange of DNA in the evolution of a tobacco
glucan endo-1,3-β-glucosidase gene family. Proc Natl Acad Sci USA
1991;88:1820-1824.

43. Beffa RS, Neuhaus J-M, Meins F Jr. Physiological compensation in antisense
transformants: Specific induction of an ersatz glucan endo-1,3-ß-glucosidase
in plants infected with necrotizing viruses. Proc Natl Acad Sci USA
1993;90:8792-8796.

44. Linthorst HJM, Melchers LS, Mayer A, van Roekel JSC, Cornelissen BJC, Bol
JF. Analysis of gene families encoding acidic and basic ß-1,3-glucanases of
tobacco. PNAS 1990;87:8756-8760.

45. Kauffmann S, Legrand M, Geoffroy P, Fritig B. Biological function of
'pathogenesis-related' proteins: four PR proteins of tobacco have ß-1,3-
glucanase activity. EMBO J. 1987;6:3209-3212.

46. Davies G, Henrissat B. Structures and mechanisms of glycosyl hydrolases.



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 23 -

Structure 1995;3:853-859.
47. Varghese JN, Garrett TPJ, Colman PM, Chen L, Høj PB, Fincher GB. Three-

dimensional structures of two plant ß-glucan endohydrolases with distinct
substrate specificities. Proc Natl Acad Sci USA 1994;91(7):2785-2789.

48. McCormick S. Male gametophyte development. Plant Cell 1993;5(10):1265-
1275.

49. Scott R, Hodge R, Paul W, Draper J. The molecular biology of anther
differentiation. Plant Sci 1991;80:167-191.

50. Steiglitz H, Stern H. Regulation of ß-1,3-glucanase activity in developing
anthers of Lilium. Dev Biol 1973;34:169-173.

51. Frankel R, Izhar S, Nitsan J. Timing of callase activity and cytoplasmic male
sterility in Petunia. Biochem Genet 1969;3:451-455.

52. Steiglitz H. role of ß-1,3-glucanase in postmeiotic microspore release. Dev
Biol 1977;57:87-97.

53. Izhar S, Frankel R. Mechanism of male sterility in Petunia: the relationship
between pH, callase activity in the anthers, and the breakdown of the
microsporogenesis. Theor Appl Genet 1971;41:104-108.

54. Warmke HE, Overman MA. Cytoplasmic male sterility in sorghum. 1. Callose
behavior in fertile and sterile anthers. J Hered 1972;63:103-108.

55. Jin W, Horner HT, Palmer RG. Genetics and cytology of a new genic male-
sterile soybean [Glycine max (L) Merr]. Sex Plant Reprod 1997;10(1):13-21.

56. Hird DL, Worrall D, Hodge R, Smartt S, Paul W, Scott R. The Anther-Specific
Protein Encoded by the Brassica napus and Arabidopsis thaliana A6 Gene
Displays Similarity to ß-1,3-Glucanases. Plant J. 1993;4:1023-1033.

56a. Curtis IS, He C, Scott R, Power JB, Davey MR. Genomic  male  sterility in
lettuce, a baseline for the production of F1 hybrids. Plant Science

1996;113(1):113-119.
57. Tsuchiya T, Toriyama K, Yoshikawa M, Ejiri SI, Hinata K. Tapetum-specific

expression of the gene for an endo-ß-1,3-glucanase causes male sterility in
transgenic tobacco. Plant Cell Physiol 1995;36(3):487-494.

58. Gasser CS, Robinsonbeers K. Pistil Development. Plant Cell
1993;5(10):1231-1239.

59. Mascarenhas JP. Molecular mechanisms of pollen tube growth and
differentiation. Plant Cell 1993;5:1303-1314.

60. Sessa G, Fluhr R. The expression of an abundant transmitting tract-specific
endoglucanase (Sp41) is promoter-dependent and not essential for the
reproductive physiology of tobacco. Plant Mol Biol 1995;29(5):969-982.

61. Black M. Liberating the radicle: A case for softening-up. Seed Sci Res
1996;6:39-42.

62. Bewley JD. Seed germination and dormancy. Plant Cell 1997;9:1055-1066.
63. Avery GSJ. Structure and germination of tobacco seed and the

developmental anatomy of the seedling plant. Am. J. Bot. 1933;20:309-327.
64. Arcila J, Mohapatra SC. Development of tobacco seedling. 2.

Morphogenesis during radicle protrusion. Tob Sci 1983;27:35-40.
65. Leubner-Metzger G, Fründt C, Meins F Jr. Effects of gibberellins, darkness



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 24 -

and osmotica on endosperm rupture and class I ß-1,3-glucanase induction in
tobacco seed germination. Planta 1996;199:282-288.

66. Ogawara K. Interaction of light and darkness in the germination of the light-
favored tobacco seeds. Proc. Jpn. Acad. 1954;30:504-509.

67. Kasperbauer MJ. Germination of Tobacco Seed - I. Inconsistency of Light
Sensitivity. Tob. Sci. 1968;12:20-22.

68. Bihlmeier M. Der Einfluss der Vorquellung und der Samenschale auf die
Keimung lichtgeförderter Samen. Jahrb. wiss. Bot. 1927;67:702-732.

69. Böhmer K. Die Bedeutung der Samenteile für die Lichtwirkung und die
Wechselbeziehung von Licht und Sauerstoff bei der Keimung
lichtempfindlicher Samen. Jahrb. wiss. Bot. 1928;68:549-601.

70. Kincaid RR. The effects of certain environmental factors on the germination of
florida cigar-wrapper tobacco seeds. Tech. Bull. Univ. Florida, Agr. Exp. St.
1935;277:5-47.

71. Leubner-Metzger G, Petruzelli L, Waldvogel R, Vögeli-Lange R, Meins F Jr.
Ethylene responsive element binding protein (EREBP) expression and the
transcriptional regulation of class I ß-1,3-glucanase during tobacco seed
germination. Plant Mol Biol 1998; in press.

72. Chen L, Fincher GB, Høj PB. Evolution of polysaccharide hydrolase substrate
specificity - catalytic amino acids are conserved in barley 1,3-1,4- and 1,3-ß-
glucanase. J Biol Chem 1993;268(18):13318-13326.

73. Fincher GB. Molecular and Cellular Biology Associated With Endosperm
Mobilization in Germinating Cereal Grains. Annu. Rev. Physiol. Plant Mol.
Biol. 1989;40:305-346.

74. Cordero MJ, Raventos D, San Segundo B. Differential expression and
induction of chitinases and ß-1,3- glucanases in response to fungal infection
during germination of maize seeds. Molec Plant-Microbe Interact
1994;7(1):23-31.

75. Abeles FB, Bosshart RP, Forrence LE, Habig WH. Preparation and
purification of glucanase and chitinase form bean leaves. Plant Physiol
1971;47:129-134.

76. Van Loon LC, van Kammen A. Polyacrylamide disc electrophoresis of the
soluble leaf proteins from Nicotiana tabacum var. "Samsun" and "Samsun
NN". II. Changes in leaf protein constitution after infection with tobacco
mosaic virus. Virol 1970;40:199-211.

77. Gianinazzi S, Martin C, Vallee JC. Hypersensibilite aux virus, temperatures
et proteines solubles chez le Nicotiana Xanthi-nc. Apparition de nouvelles
macromolecules lors de la repression de la synthese virale. C R Acad Sci
Paris D 1970;270:2382-2386.

78. Cutt JR, Klessig DF. Pathogenesis-related Proteins. In: Boller T, Meins F Jr,
eds. Genes Involved in Plant Defense. Wien, New York: Springer-Verlag,
1992: 209-243.

79. Boller T. Ethylene and the Regulation of Antifungal Hydrolases in Plants.
Oxford Surveys Plant Mol. & Cell Biol. 1988;5:145-174.

80. Boller T. Ethylene and plant-pathogen interactions. In: Flores HE, Arteca RN,
Shannon JC, eds. Current Topics In Plant Physiology: An American Society



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 25 -

Of Plant Physiologists Series. 1990: 138-145.
81. Boller T. Antimicrobial functions of the plant hydrolases chitinase and ß-1,3-

glucanase. In: Fritig B, Legrand M, eds. Developments In Plant Pathology.
1993: 391-400.

82. Boller T. Chemoperception of microbial signals in plant cells. Annu Rev Plant
Physiol Plant Mol Biol 1995;46:189-214.

83. Bowles JD. Defense-related proteins in higher plants. Annu. Rev. Biochem.
1990;59:873-907.

84. Wessels JGH, Sietsma JH. Fungal cell walls: a survey. In: Tanner W, Loewus
FA, eds. Encyclopedia of Plant Physiology. Plant Carbohydrates II. Berlin:
Springer Verlag, 1981: 352-394. vol 13B).

85. Melchers LS, Ponstein AS, Sela-Buurlage MB, Vloemans SA, Cornelissen
BJC. In vitro anti-microbial activities of defense proteins and biotechnology.
In: Fritig B, Legrand M, eds. Mechanisms of plant defense responses. Kluwer
Academic Publishers, 1993: 401-410.

86. Mauch F, Mauch-Mani B, Boller T. Antifungal hydrolases in pea tissue. II.
Inhibition of fungal growth by combinations of chitinase and β-1,3-glucanase.
Plant Physiol 1988;88:936-942.

87. Ludwig A, Boller T. A method for the study of fungal growth inhibition by plant
proteins. FEMS Microbiol Lett 1990;69:61-66.

88. Leah R, Tommerup H, Svendsen I, Mundy J. Biochemical and molecular
characterization of three barley seed proteins with antifungal properties. J
Biol Chem 1991;266(3):1564-1573.

89. Sela-Buurlage MB, Ponstein AS, Bres-Vloemans SA, Melchers LS, van den
Elzen PJM, Cornelissen BJC. Only specific tobacco (Nicotiana tabacum)
chitinases and ß-1,3-glucanases exhibit antifungal activity. Plant Physiol
1993;101:857-863.

90. Kim YJ, Hwang BK. Isolation of a basic 34 kiloDalton ß-1,3-glucanase with
inhibitory activity against Phytophthora capsici from pepper stems. Physiol
Molec Plant Pathol 1997;50(2):103-115.

91. Lawrence CB, Joosten MHAJ, Tuzun S. Differential induction of
pathogenesis-related proteins in tomato by Alternaria solani and the
association of a basic chitinase isozyme with resistance. Physiol Mol Plant
Pathol 1996;48(6):361-377.

92. Joosten MHAJ, Verbakel HM, Nettekoven ME, van Leeuwen J, van Der
Vossen RTM, de Wit PJGM. The phytopathogenic fungus Cladosporium
fulvum is not sensitive to the chitinase and ß-1,3-glucanase defence proteins
of its host, tomato. Physiol Mol Plant Pathol 1995;46(1):45-59.

93. Anfoka G, Buchenauer H. Systemic acquired resistance in tomato against
Phytophthora infestans by pre-inoculation with tobacco necrosis virus.
Physiol Molec Plant Pathol 1997;50(2):85-101.

94. Albersheim P, Valent BS. Host-pathogen interactions VII. Plant pathogens
secrete proteins which inhibit enzymes of the host capable of attacking the
pathogen. Plant Physiol 1974;53:684-687.

95. Sharp JK, Valent B, Albersheim P. Purification and partial characterization of
a ß-glucan fragment that elicits phytoalexin accumulation in soybean. J Biol



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 26 -

Chem 1984;259:11312-11320.
96. Okinaka Y, Mimori K, Takeo K, Kitamura S, Takeuchi Y, Yamaoka N,

Yoshikawa M. A structural model for the mechanisms of elicitor release from
fungal cell walls by plant ß-1,3-endoglucanase. Plant Physiol 1995;109:839-
845.

97. Umemoto N, Kakitani M, Iwamatsu A, Yoshikawa M, Yamaoka N, Ishida I.
The structure and function of a soybean ß-glucan-elicitor-binding protein.
Proc Natl Acad Sci USA 1997;94:1029-1034.

98. Takeuchi Y, Yoshikawa M, Takeba G, Tanaka K, Shibata D, Horino O.
Molecular cloning and ethylene induction of mRNA encoding a phytoalexin
elicitor-releasing factor, ß-1,3-endoglucanase, in soybean. Plant Physiol
1990;93:673-682.

99. Ham K-S, Wu S-C, Darvill AG, Albersheim P. Fungal pathogens secrete an
inhibitor protein that distinguishes isoforms of plant pathogenesis-related
endo-ß-1,3-glucanases. Plant J 1997;11:169-179.

100. Schmidt WE, Ebel J. Specific binding of a fungal glucan phytoalexin elicitor
to membrane fractions from soybean Glycine max. Proc Natl Acad Sci USA
1987;84:4117-4121.

101. Yoshikawa M, Yamaoka N, Takeuchi Y. Elicitors: their significance and
primary modes of action in the induction of plant defense reactions. Plant
Cell Physiol 1993;34:1163-1173.

102. Yoshikawa M, Tsuda M, Takeuchi Y. Resistance to fungal diseases in
transgenic tobacco plants expressing the phytoalexin elicitor-releasing
factor, ß-1,3-endoglucanase, from soybean. Naturwiss 1993;80(9):417-420.

102a. Lusso M, Kuc J. The effect of sense and antisense expression of the PR-N
gene for ß-1,3-glucanase on disease resistance of tobacco to fungi and
viruses. Physiol Molec Plant Pathol 1996;49:267-283.

103. Cheong J-J, Birberg W, Fügedi P, Pilotti A, Garegg PJ, Hong N, Ogawa T,
Hahn MG. Structure-activity relationships of oligo-ß-glucoside elicitors of
phytoalexin accumulation in soybean. Plant Cell 1991;3:127-136.

104. Cheong J-J, Alba R, Côté F, Enkerli J, Hahn MG. Solubilization of functional
plasma membrane-localized hepta-ß-glucoside elicitor-binding proteins from
soybean. Plant Physiol 1993;103:1173-1182.

105. Mithöfer A, Lottspeich F, Ebel J. One-step purification of the ß-glucan elicitor-
binding protein from soybean (Glycine max L.) roots and characterization of
an anti-peptide antiserum. FEBS Lett 1996;381:203-207.

106. Ham KS, Kauffmann S, Albersheim P, Darvill AG. Host-pathogen interactions
XXXIX. a soybean pathogenesis-related protein with ß-1,3-glucanase activity
releases phytoalexin elicitor-active heat-stable fragments from fungal walls.
Mol Plant Microbe Interact 1991;4(6):545-552.

107. Ham K-S, Albersheim P, Darvill AG. Generation of ß-glucan elicitors by plant
enzymes and inhibition of the enzymes by a fungal protein. Can J Bot
1995;73:S1100-S1103.

108. Jongedijk E, Tigelaar H, van Roekel JSC, Bres-Vloemans SA, Dekker I, van
den Elzen PJM, Cornelissen BJC, Melchers LS. Synergetic activity of
chitinases and ß-1,3-glucanases enhances fungal resistance in transgenic



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 27 -

tomato plants. Euphytica 1995;85:173-180.
109. Broglie K, Chet I, Holliday M, Cressman R, Biddle P, Knowlton S, Mauvais

CJ, Broglie R. Transgenic plants with enhanced resistance to the fungal
pathogen Rhizoctonia solani. Science 1991;254(5035):1194-1197.

110. Jach G, Gornhardt B, Mundy J, Logemann J, Pinsdorf E, Leah R, Schell J,
Maas C. Enhanced quantitative resistance against fungal disease by
combinatorial expression of different barley antifungal proteins in transgenic
tobacco. Plant Journal 1995;8(1):97-109.

111. Masoud SA, Zhu Q, Lamb C, Dixon RA. Constitutive expression of an
inducible ß-1,3-glucanase in alfalfa reduces disease severity caused by the
oomycete pathogen Phytophthora megasperma f. sp medicaginis, but does
not reduce disease severity of chitin-containing fungi. Transgenic Res
1996;5(5):313-323.

112. Zhu Q, Maher EA, Masoud S, Dixon RA, Lamb CJ. Enhanced protection
against fungal attack by constitutive co-expression of chitinase and
glucanase genes in transgenic tobacco. Biotechnol 1994;12:807-812.

113. Neuhaus JM, Ahl-Goy P, Hinz U, Flores S, Meins F Jr. High-level expression
of a tobacco chitinase gene in Nicotiana sylvestris susceptibility of transgenic
plants to Cercospora nicotianae infection. Plant Mol Biol 1991;16(1):141-
152.

114. Neuhaus JM, Flores S, Keefe D, Ahl GP, Meins F Jr. The function of vacuolar
ß-1,3-glucanase investigated by antisense transformation. susceptibility of
transgenic Nicotiana-sylvestris plants to Cercospora-nicotianae infection.
Plant Mol Biol 1992;19(5):803-813.

115. Collinge DB, Slusarenko AJ. Plant gene expression in response to
pathogens. Plant Mol Biol 1987;9:389-410.

116. Beffa R, Meins F Jr. Pathogenesis-related functions of plant ß-1,3-glucanases
investigated by antisense transformation: A review. Gene 1996;179(1):97-
103.

117. Beffa RS, Hofer RM, Thomas M, Meins F Jr. Decreased susceptibility to viral
disease of ß-1,3-glucanase-deficient plants generated by antisense
transformation. Plant Cell 1996;8(6):1001-1011.

118. Wu JH, Dimitman JE. Leaf structure and callose formation as determinants of
TMV movement in bean leaves as revealed by UV irradiation experiments.
Virology 1970;40:820-827.

119. Moore AE, Stone BA. Effect of senescence and hormone treatment on the
activity of a ß-1,3-glucan hydrolase in Nicotiana glutinosa leaves. Planta
1972;104:93-109.

120. Felix G, Meins F Jr. Developmental and hormonal regulation of ß-1,3-
glucanase in tobacco Nicotiana tabacum cultivar Havana 425. Planta
1986;167(2):206-211.

121. Felix G, Meins F Jr. Ethylene regulation of ß-1,3-glucanase in tobacco. Planta
1987;172(3):386-392.

122. Mauch F, Hadwiger LA, Boller T. Ethylene: symptom, not signal for the
induction of chitinase and ß-1,3-glucanase in pea pods by pathogens and
elicitors. Plant Physiol 1984;76:607-611.



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 28 -

123. Clarke AE, Stone BA. ß-1,3-Glucan hydrolases from the grape vine (Vitis
vinifera) and other plants. Phytochem 1962;1:175-188.

124. Vögeli-Lange R, Fründt C, Hart CM, Nagy F, Meins F Jr. Developmental,
hormonal, and pathogenesis-related regulation of the tobacco class I ß-1,3-
glucanase B promoter. Plant Mol Biol 1994;25:299-311.

125. Van de Rhee MD, Lemmers R, Bol JF. Analysis of regulatory elements
involved in stress-induced and organ-specific expression of tobacco acidic
and basic ß-1,3-glucanase genes. Plant Mol Biol 1993;21:451-461.

126. Ohme-Takagi M, Shinshi H. Ethylene-inducible DNA binding proteins that
interact with an ethylene-responsive element. Plant Cell 1995;7:173-182.

127. Alonso E, de Carvalho Niebel F, Obregon P, Gheysen G, Inzé D, van
Montagu M, Castresana C. Differential in vitro DNA binding activity to a
promoter element of the gn1 ß-1,3-glucanase gene in hypersensitively
reacting tobacco plants. Plant J 1995;7(2):309-320.

128. Henning J, Dewey RE, Cutt JR, Klessig DF. Pathogen, salicylic acid and
developmental dependent expression of ß-1,3-glucanase/GUS gene fusion
in transgenic tobacco plants. Plant J 1993;4:481-493.

129. Shah J, Klessig DF. Identification of a salicylic acid-responsive element in
the promoter of the tobacco pathogenesis-related ß-1,3-glucanase gene, PR-
2d. Plant J 1996;10(6):1089-1101.

130. Shinshi H, Mohnen D, Meins F Jr. Regulation of a plant pathogenesis-related
enzyme inhibition of chitinase and chitinase messenger RNA accumulation
in cultured tobacco tissues by auxin and cytokinin. Proc Natl Acad Sci USA
1987;84(1):89-93.

131. Neale AD, Wahleithner JA, Lund M, Bonnett HT, Kelly A, Meeks Wagne DR,
Peacock WJ, Dennis ES. Chitinase ß-1,3-glucanase osmotin and extensin
are expressed in tobacco explants during flower formation. Plant Cell
1990;2(7):673-684.

132. Ohme-Takagi M, Shinshi H. Structure and expression of a tobacco ß-1,3-
glucanase gene. Plant Mol Biol 1990;15(6):941-946.

133. Garcia-Garcia F, Schmelzer E, Hahlbrock K, Roxby R. Differential expression
of chitinase and ß-1,3-glucanase genes in various tissues of potato plants. Z
Naturforsch C 1994;49(3-4):195-203.

134. Mohnen D, Shinshi H, Felix G, Meins F Jr. Hormonal regulation of ß-1,3-
glucanase EC-3.2.1.39 messenger RNA levels in cultured tobacco
Nicotiana-tabacum cultivar Havana-425 tissues. Embo J 1985;4(7):1631-
1636.

135. Sperisen C. Structure, evolution and regulation of ß-1,3-glucanase genes of
tobacco. Dissertation ETH No 10219. Swiss Federal Institute of Technology,
Zürich 1993.

136. Rezzonico E, Flury N, Meins F Jr, Beffa R. Transcriptional down-regulation by
abscisic acid of pathogenesis-related ß-1,3-glucanase genes in tobacco
tissue and cell cultures. Plant Physiol 1998;117:585-592.

137. Memelink J, Linthorst HJM, Schilperoort RA, Hoge JHC. Tobacco genes
encoding acidic and basic isoforms of pathogenesis-related proteins display
different expression patterns. Plant Mol Biol 1990;14:119-126.



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 29 -

138. Hart CM, Nagy F, Meins F Jr. A 61 bp enhancer element of the tobacco ß-1,3-
glucanase B gene interacts with one or more regulated nuclear proteins.
Plant Mol Biol 1993;21(1):121-131.

139. Beffa R, Szell M, Meuwly P, Pay A, Vögeli-Lange R, Métraux JP, Neuhaus G,
Meins F Jr, Nagy F. Cholera toxin elevates pathogen resistance and induces
pathogenesis-related gene expression in tobacco. Embo J
1995;14(23):5753-5761.

140. Yang SF. Ethylene evolution from 2-chloroethylphosphonic acid. Plant
Physiol 1969;44:1203-1204.

141. Lawton KA, Potter SL, Uknes S, Ryals J. Acquired resistance signal
transduction in Arabidopsis is ethylene independent. Plant Cell 1994;6:581-
588.

142. Côté F, Cutt JR, Asselin A, Klessig DF. Pathogenesis-related acidic ß-1,3-
glucanase genes of tobacco are regulated by both stress and developmental
signals. Mol. Plant Microbe Interact. 1991;4(2):173-181.

143. Van Kan JAL, Cozijnsen T, Danhash N, De Wit PJGM. Induction of tomato
stress protein mRNAs by ethephon, 2,6- dichloroisonicotinic acid and
salicylate. Plant Mol Biol 1995;27(6):1205-1213.

144. Kombrink E, Schröder M, Hahlbrock K. Several "pathogenesis-related"
proteins in potato are 1,3-ß-glucanases and chitinases. Proc Natl Acad Sci
USA 1988;85:782-786.

145. Kombrink E, Hahlbrock K. Responses of cultured parsley cells to elicitors
from pathogenic fungi. Timing and dese dependency of elicitor-induced
reactions. Plant Physiol 1986;81:216-221.

146. Kaku H, Shibuya N, Xu PL, Aryan AP, Fincher GB. N-
acetylchitooligosaccharides elicit expression of a single (1->3)-ß-glucanase
gene in suspension-cultured cells from barley (Hordeum vulgare). Physiol
Plant 1997;100(1):111-118.

147. Münch-Garthoff S, Neuhaus J-M, Boller T, Kemmerling B, Kogel K-H.
Expression of ß-1,3-glucanase and chitinase in healthy, stem-rust-affected
and elicitor-treated near-isogenic wheat lines showing Sr5- or Sr24-
specified race-specific rust resistance. Planta 1997;201(2):235-244.

148. Dinesh-Kumar SP, Witham S, Choi D, Hehl R, Corr C, Baker B. Transposon
tagging of tobacco mosaic virus resistance gene N: Its possible role in the
TMV-N-mediated signal transduction pathway. Proc Natl Acad Sci USA
1995;92:4175-4180.

149. Witham S, Dinesh-Kumar SP, Choi D, Hehl R, Corr C, Baker B. The product
of the tobacco mosaic virus resistance gene N: Similarity to Toll and the
interleukin-1 receptor. Cell 1994;78:1101-1115.

150. Delaney TP. Genetic dissection of acquired resistance to disease. Plant
Physiol 1997;113:5-12.

151. Ryals JA, Neuenschwander UH, Willits MG, Molina A, Steiner H-Y, Hunt MD.
Systemic acquired resistance. Plant Cell 1996;8:1809-1819.

152. Friedrich L, Lawton K, Ruess W, Masner P, Specker N, Gut Rella M, Meier B,
Dincher S, Staub T, Uknes S, Métraux J-P, Kessmann H, Ryals J. A
benzothiadiazole derivative induces systemic aquired resistance in tobacco.



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 30 -

Plant J 1996;10:61-70.
153. Ward ER, Uknes SJ, Williams SC, Dincher SS, Wiederhold DL, Alexander

DC, Ahl-Goy P, Métraux J-P, Ryals JA. Coordinate gene activity in response
to agents that induce systemic acquired resistance. Plant Cell 1991;3:1085-
1094.

153a. Livne B, Faktor O, Zeitoune S, Edelbaum O, Sela I. TMV-induced expression
of tobacco ß-glucanase promoter activity is mediated by a single, inverted,
GCC motif. Plant Sci 1997;130(2):159-169.

154. Heitz T, Fritig B, Legrand M. Local and systemic accumulation of
pathogenesis-related proteins in tobacco plants infected with tobacco
mosaic virus. Mol Plant-Microbe Interact 1994;7(6):776-779.

155. Ashfield T, Hammon Kosack KE, Harrison K, Jones JDG. Cf gene-dependent
induction of a ß-1,3-glucanase promoter in tomato plants infected with
Cladosporium fulvum. Molec Plant-Microbe Interact 1994;7(5):645-656.

156. Bol JF, Buchel AS, Knoester M, Baladin T, van Loon LC, Linthorst HJM.
Regulation of the expression of plant defence genes. Plant Growth Regul
1996;18(1-2):87-91.

157. Lusso M, Kuc J. Evidence for transcriptional regulation of ß-1,3-glucanase as
it relates to induced systemic resistance of tobacco to blue mold. Mol Plant-
Microbe Interact 1995;8(3):473-475.

158. Ye XS, Pan SQ, Kuc J. Specificity of induced systemic resistance as elicited
by ethephon and tobacco mosaic virus in tobacco. Plant Sci (Limerick)
1992;84(1):1-9.

158a. Niki T, Mitsuhara I, Seo S, Ohtsubo N, Ohashi Y. Antagonistic effect of
salicylic acid and jasmonic acid on the expression of pathogenesis-related
(PR) protein genes in wounded mature tobacco leaves. Plant Cell Physiol
1998;39(5):500-507.

159. Vidal S, Pnoce de León I, Denecke J, Plava ET. Salicylic acid and the plant
pathogen Erwinia carotovora induce defence genes via antagonistic
pathways. Plant J 1997;11:115-123.

160. Büttner M, Singh KB. Arabidopsis thaliana ethylene-responsive element
binding protein (AtEBP), a ethylene-inducible, GCC box DNA-binding protein
interacts with an ocs element binding protein. Proc Natl Acad Sci USA
1997;94:5961-5966.

160a. Sato F, Kitajima S, Koyama T, Yamada Y. Ethylene-induced  gene
expression of osmotin-like protein, a neutral isoform of tobacco PR-5, is
mediated by the AGCCGCC cis-sequence. Plant Cell Physiol
1996;37(3):249-255.

161. Ecker JR. The ethylene signal transduction pathway in plants. Science
1995;268:667-675.

162. Fluhr R, Mattoo AK. Ethylene - biosynthesis and perception. Critical Rev Plant
Sci 1996;15:479-523.

163. Kieber JJ. The ethylene response pathway in Arabidopsis. Annu Rev Plant
Physiol Plant Mol Biol 1997;48:277-296.

164. Chao Q, Rothenberg M, Solano R, Roman G, Terzaghi W, Ecker JR.
Activation of the ethylene gas response pathway in Arabidopsis by the



Leubner-Metzger and Meins (1999): Functions and Regulation of Plant ß-1,3-Glucanases (PR-2)

- 31 -

nuclear protein ETHYLENE-INSENSITIVE3 and related proteins. Cell
1997;89:1133-1144.

164a. Weigel D. The APETALA2 domain is related to a novel type of DNA binding
domain. Plant Cell 1995;8:388-389.

165. Zhou JM, Tang XY, Martin GB. The Pto kinase conferring resistance to tomato
bacterial speck disease interacts with proteins that bind a cis-element of
pathogenesis-related genes. EMBO J 1997;16(11):3207-3218.

166. Boller T. Ethylene in pathogenesis and disease resistance. In: Mattoo AK,
Suttle JC, eds. The plant hormone ethylene. Boca Raton, FL: CRC Press,
1991: 293-314.

167. Penninckx IAMA, Eggermont K, Terras FRG, Thomma BPHJ, de Samblanx
GW, Buchala A, Métraux J-P, Manners JM, Broekaert WF. Pathogen-induced
systemic activation of a plant defensin gene in Arabidopsis follows a salicylic
acid-independent pathway. Plant Cell 1996;8:2309-2323.

168. Silverman P, Nuckles E, Ye XS, Kuc J, Raskin I. Salicylic acid, ethylene, and
pathogen resistance in tobacco. Mol Plant-Microbe Interact 1993;6:775-781.

169. Eyal Y, Sagee O, Fluhr R. Dark-induced accumulation of a basic
pathogenesis-related (PR-1) transcript and a light requirement for its
induction by ethylene. Plant Mol Biol 1992;19:589-599.


