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ABSTRACT

Plant chitinases and osmotin-like proteins (OLPs) are both pathogenesis-related
(PR) proteins, which are implicated in plant responses to pathogen attacks and
environmental stresses. In this dissertation, a chitinase-containing protein complex was
purified to near homogeneity from strawberry leaf extracts. This protein complex
contained at least five different chitinase molecules as revealed by activity gel assays. A
previous study showed that winter rye leaves contain seven protein complexes, which
consist of various combinations of a chitinase, two glucanase-like proteins (GLPs) and a
thaumatin-like protein (TLP). Western blot analysis of the strawberry chitinase complex,
however, did not detect the presence of any GLP or TLP in the complex.

The second part of this dissertation research dealt with studies of strawberry OLP
genes. A genomic clone containing an OLP gene, designated FaOLP2, was isolated and
completely sequenced. FaOLP2 contains no intron, and has a potential to encode a
precursor protein of 229 amino acid residues with a 27-amino acid signal peptide at the
N-terminus. Southern blot analysis showed that FAOLP2 represents a small multi-gene
family. The expression of FAOLP?2 in different strawberry organs was analyzed using
real-time PCR. The result showed that FAOLP2 expressed at different levels in leaves,
crowns, roots, green fruits and ripe red fruits. Furthermore, the expression of FaOLP2
under different abiotic stresses was analyzed at different time points. All of the three
tested abiotic stimuli, abscisic acid, salicylic acid and mechanical wounding, triggered
significant induction of FAOLP2 within 2-6 h post-treatment. Comparing the three stimuli,
FaOLP2 was more prominently induced by salicylic acid than by abscisic acid or

mechanical wounding. The positive responses of FAOLP2 to these stress factors
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suggested that FAOLP2 may be involved in the protection of strawberry against pathogen
attacks and against osmotic-related stresses. In addition to FAOLP2, the expression of a
previously cloned OLP gene (FaOLP1) upon fungal infection was examined at different
time points post-infection. Each of the two tested fungal species, Colletotrichum
fragariae and Colletotrichum acutatum, triggered a substantial induction of FaOLP1 at
24-48 h post-inoculation, indicating that FAOLP1 could be involved in strawberry

defense against fungal infection.



CHAPTER 1
LITERATURE REVIEW

1.1 Pathogenesis-Related (PR) Proteins

Higher plants have developed various defense mechanisms against biotic and
abiotic stresses, such as pathogen invasions, wounding, exposure to heavy metal, salinity,
cold, and ultraviolet rays. These defense mechanisms include: physical strengthening of
the cell wall through lignification, suberization, and callose deposition; production of
phytoalexins which are secondary metabolites, toxic to bacteria and fungi; and synthesis
of pathogenesis-related (PR) proteins such as -1,3-glucanases, chitinases and thaumatin-
like proteins (Bowles, 1990).

PR proteins were first observed in tobacco plants infected with tobacco mosaic
virus (TMV) (van Loon and van Kammen, 1970), and they were subsequently identified
in many other plants species. Based on their primary structures, immunologic
relationships, and enzymatic properties, PR proteins are currently grouped into seventeen
families (PR-1 through 17) (Van Loon, 1999; Gorlach et al., 1996; Okushima et al., 2000;
Christensen et al., 2002). The PR-1 family consists of proteins with small size (usually
14-17 kD) and antifungal activity. The PR-2 family consists of B-1,3-glucanases, which
are able to hydrolyze -1,3-glucans, a biopolymer found in fungal cell walls. The PR-3, -
4, -8 and -11 families consist of chitinases belonging to various chitinase classes (I — VII).
The substrate of chitinases, chitin, is also a major structural component of fungal cell
walls. The PR-5 family consists of thaumatin-like proteins and osmotin-like proteins.

Other PR families include proteinase inhibitors, endoproteinases, peroxidases,



ribonuclease-like proteins, defensins, thionins, lipid transfer proteins, oxalate oxidases,
and oxalate oxidase-like proteins.

A defensive role of PR proteins in plant systems has been suggested based on the
induction of their synthesis upon pathogen infection, and on their in vitro and in vivo
antifungal activities. PR proteins may also function to alleviate the harmful effects to
cells and organisms caused by natural stresses, such as cold, drought, osmotic stress, UV
light, and metal toxicity. In addition, some PR proteins, for example, -1,3-glucanases,
chitinases and thaumatin-like proteins, have been implicated in regulating various
developmental processes such as flower formation, fruit ripening, seed germination, and
embryogenesis (van Loon, 1999).

1.2 Plant Chitinases

Chitin is a structural component of the cell wall of many fungi, as well as insects
and nematodes, which are major pathogens and pests of crop plants (Collinge et al.,
1993). Chitinases (E.C. 3.2.1.14) are ubiquitously distributed in bacteria, fungi, animals
and plants. They hydrolyze the -1,4-linkage between N-acetylglucosamine residues of
chitin.

Plant chitinases usually have a wide range of optimum pH (pH 4-9), and they are
generally stable at temperature up to 60 °C (Collinge et al., 1993). These enzymes usually
have a molecular weight ranging from 25,000-35,000. Some chitinases undergo chemical
modifications such as glycosylation and prolyl-hydroxylation. As demonstrated in other
PR protein families, there are acidic and basic isoforms of chitinases. Basic chitinases are
usually in the vacuole and have antifungal activity, while acidic chitinases are usually

extracellular and show little antifungal activity. It seems that extracellular chitinases are



involved in generation of signal and transfer of information about infection, whereas
vacuolar chitinases take part in repressing pathogen growth (Collinge et al., 1993).
1.2.1 Classification of Chitinases

Based on the presence of a chitin-binding domain and the amino acid sequence
homology, plant chitinases have been classified into seven classes, class I through VII
(Neuhaus, 1999).
1.2.1.1 Class I and Il Chitinases

Class I and II chitinases belong to the PR-3 family of PR proteins. Class I
chitinases have a cysteine-rich chitin-binding domain (CBD) at the N-terminus. The CBD
is linked to the catalytic domain by a spacer region which is rich in proline and glycine
but variable in length and composition. Class I chitinases are synthesized as precursor
proteins, with an N-terminal signal sequence directing them to the secretory pathway;
most of them also contain a C-terminal signal sequence, which is required for targeting to
the vacuole (Neuhaus et al., 1991a). Class II chitinases do not contain the N-terminal
CBD domain and the spacer region, but have high amino acid sequence homology to the
catalytic domain of class I chitinases. They usually are secreted to the extracellular space
due to the lack of vacuolar target sequence at the C-terminus.

It has been suspected that the CBD domain is not essential for chitinolytic activity
or antifungal activity though it does contribute to both activities. Recombinant tobacco
class I chitinases (CHN A) were constructed with deletion of the CBD alone or in
combination with the spacer region (Suarez et al., 2001). Both truncated chitinases
retained 53% of the hydrolytic activity, while the antifungal activity was reduced by

about 80%. It is proposed that the CBD might help anchor the catalytic domain to the



surface of polymeric substrates (e.g. pathogen cell wall), and, hence, allow the hydrolysis
of many neighboring chitin strands (Neuhaus, 1999). This could explain the weaker
enzymatic activity of class II chitinases compared to class I chitinases.

The crystal structures of a barley seed class II chitinase and a jack bean class 11
chitinase have been determined (Hart et al., 1995; Hahn et al., 2000). Both chitinases are
mostly composed of a-helices and form a globular structure. They resemble lysozymes at
the active site region. Two active site glutamate residues have been identified in the
crystal structure of the barley chitinase at amino acid positions 67 and 89. Jack bean
chitinase has the activity site glutamate residues at similar positions. Mutations of either
glutamate residue in the barley chitinase or in a tobacco class I chitinase caused a great
loss of activity (Andersen et al., 1997; Iseli-Gamboni et al., 1998). In addition, mutation
of Tyr 123 of a Zea mays chitinase and a similar tyrosine of an Arabidopsis chitinase in
the active site motif, NYNY, which is highly conserved in most class I chitinases, also
caused greatly reduced chitinase activities (Verburg et al., 1992 and 1993).
1.2.1.2 Class I11 Chitinases

Class III chitinases belong to the PR-8 family of PR proteins. They generally have
lysozyme activity, and do not display any sequence similarities to either class I or 11
chitinases. In addition, all plant chitinases of this class have highly similar sequences, but
their isoelectric points differ widely.

One of the major latex proteins of Hevea brasiliensis, hevamine, was identified as
a dual lysozyme and chitinase (Jekel et al., 1991). The crystal structures of hevamine and
its complex with the inhibitor allosamodin has been determined (Terwisscha van

Scheltinga et al., 1994, 1995, 1996). Despite the low sequence similarity, the structure of



hevamine resembles that of a bacterial family18 chitinase, both containing a (o/f)s barrel
fold. These enzymes contain a substrate-binding cleft located at the C-terminal end of the
B-strand in the barrel structure. At the active site of hevamine, residue Glul27 is the
catalytic residue, whereas the neighboring Asp125 contributes to widen the catalytic pH
range. The class III chitinase from Tulipa bakeri has the two active site residues at similar
positions. Mutation of the glutamate residue completely abolished the enzyme activity of
the Tulipa chitinase, while mutation of the aspartate residue decreased the enzyme
activity (Suzukawa et al., 2003).

1.2.1.3 Class IV, V, VI, VII Chitinases

Class IV chitinases share low degrees of homology (41-47%) to class I chitinases.
Although class IV chitinases contain a CBD and a catalytic domain resembling those of
class I chitinases, they are significantly smaller due to one deletion in the CBD and three
deletions in the catalytic domain.

Class V chitinase was initially represented only by a chitinase from Urtica dioica,
which has two CBDs in tandem (Lerner and Raikhel, 1992). Yet this protein probably
does not have catalytic activity, since the two catalytic glutamate residues are not present.
Later, a chitinase named BjCHI1 was isolated from Brassica juncea by Zhao and Chye
(1999). It too has two CBDs and structurally resembles the Urtica dioica chitinase.
However, these investigators claimed that BjCHI1 should be classified as a new class of
chitinase, since it has only 36.9% sequence identity with the Urtica chitinase. On the
other hand, this enzyme shares high degrees of sequence identity with many class I

chitinases.



Class VI and VII chitinases have unique structures and each is represented by one
example so far. The lone example of class VI chitinases was isolated from sugar beet
(Berglund et al., 1995). This chitinase features a heavily truncated CBD and a long
proline-rich spacer. Class VII chitinase is represented by a rice chitinase, which has a
catalytic domain homologous to that of class IV chitinases but without a CBD (Truong et
al., 2003).

1.2.2 Functions of Plant Chitinases
1.2.2.1 Antifungal Activity

The fact that chitin is a structural component in cell walls of many fungi rapidly
led to the proposal of chitinases as a defensive protein against pathogens. Various in vitro
studies have demonstrated the inhibitory effect of chitinases against fungal growth (e.g.
Broekaert et al., 1988; Huynh et al., 1992; Kim and Huang, 1996; Yun et al, 1996).
Mauch et al. (1988) found that while a purified pea chitinase alone only inhibited the
growth of one fungus, the combination of this chitinase and a -1,3-glucanase inhibited
the growth of all fungi tested, showing a synergism in activities. Similar results were
subsequently observed in a number of different plant species, such as tobacco (Sela-
Buurlage et al., 1993; Melchers et al., 1994) and cucumber (Ji and Kuc, 1996). In
addition, chitinase has been shown to act synergistically with thaumatin-like proteins or
other compounds that can alter the membrane structure or permeability (Hejgaard et al.,
1991; Lorito et al., 1996).

However, not every chitinase is effective in inhibiting fungal growth. It has been
proposed that only specific chitinases are able to inhibit specific fungi (Sela-Buurlage et

al., 1993). For instance, a tobacco class I chitinase caused the lysis of the hypal tips of



Fusarium solani, while a tobacco class Il enzyme exhibited no antifungal activity against
the same fungus. A chitinase from Arabidopsis effectively inhibited the growth of
Trichoderma reesei, but it did not affect the growth of several other fungi (Verburg and
Huynh, 1991).

Transgenic plants have been produced to express chitinases in a constitutive
manner, with the goal to enhance plants’ disease resistance. In the first successful report,
transgenic tobacco or Brassica napus plants that constitutively expressed a bean vacuolar
chitinase showed delayed disease development caused by the necrotrophic pathogen,
Rhizoctonia solani (Broglie et al., 1991). Since then many successful results have been
reported. Transgenic cucumber plants harboring a rice chitinase gene exhibited enhanced
resistance against gray mold (Tabei et al., 1998). Transgenic rice plants over-expressing a
rice chitinase showed significantly higher resistance against the rice blast pathogen
Magnaporthe grisea (Nishizawa et al., 1999). Furthermore, co-expression of chitinase
and B-1,3-glucanase genes in transgenic plants has been shown to synergistically enhance
the resistance of plants against pathogens. For example, transgenic tomato plants
expressing either a tobacco chitinase or glucanase had no protection against Fusarium
oxysporum f.sp. lycopersici, whereas simultaneous expression of both enzymes reduced
the disease severity by 36-58% (Jongedijk et al., 1995). However, there were also studies
showing that transgenic plants exhibited no resistance to fungal infection (Neuhaus et al.,
1991b; Nielsen et al., 1993). These observations suggest that not all chitinases are
effective as defense mechanisms against pathogens, and that even those chitinases with
the defensive capability can not be universally effective against all chitin-containing

fungi species.



1.2.2.2 Nodule Formation

During the development of nitrogen-fixing symbiosis between legumes and
rhizobacteria, Nod factors, the oligosaccharides structurally resembling chitin, are
released by the bacterial partner, and trigger the plant program for nodule formation. The
involvement of chitinase in nodulation has been reported in a number of studies. In the
alfalfa—Rhizobium meliloti interaction, several chitinases were activated once the first
nodule primordia was formed, which was proposed as a feedback response of the plant to
limit the infection caused by the bacteria and therefore to regulate nodulation (Vasse et
al., 1993). A class III chitinase from Sesbania rostrata was induced in the early stage of
nodulation and accumulated around the developing nodule (Goormachtig et al., 1998). It
also displayed Nod factor degradation activity. These results suggest that this chitinase
can regulate the intensity of root nodule formation by limiting the action of Nod factors.
In a more recent study, another Sesbania rostrata class III chitinase induced by
nodulation bacteria was found to be localized to the outermost cortical cell layers of the
developing nodules (Goormachtig et al., 2001). However, this enzyme lacks the active
site glutamate residue, which renders it to a chitin-binding lectin. It has been suggested
that this protein functions as a Nod factor-binding protein which would protect,
concentrate, or facilitate the interaction of Nod factor with a receptor protein.
1.2.2.3 Embryogenesis

An unexpected function of chitinase as a differentiation factor in embryogenesis
was demonstrated by studies on carrot somatic embryogenesis. A class IV chitinase was
found to be able to rescue the somatic embryo of a mutant carrot cell line (De Jong et al.,

1992; Kragh et al., 1996). Later, a potential substrate for this activity was identified by



van Hengel et al. (2001), namely arabinogalactan proteins (AGPs) that are required in
carrot embryogenesis and contain chitinase-sensitive oligosaccharides. In the same study,
chitinase-treated AGPs were demonstrated to have enhanced embryo-promoting activity
compared to untreated molecules. Furthermore, chitinases were shown to be able to
increase somatic embryogenesis from wild-type protoplasts. Taken together, these data
suggest a general role for chitinases in plant embryogenesis.

Furthermore, a unique receptor-like kinase was identified in tobacco (Kim et al.,
2000). This kinase, named CHRK, harbors an extracellular chitinase-like domain, a
membrane segment and cytosolic kinase domain. The essential Glu residues required for
chitinase activity are mutated in the chitinase-like domain, and thus the protein is
assumed to be devoid of hydrolytic activity. Further study suggested that CHRK1 is
involved in a develop-mental signaling pathway regulating cell proliferation or
differentiation and the endogenous cytokinin levels in tobacco (Lee et al., 2003).
1.2.2.4 Other Functions

Plant chitinases might also be involved in other developmental processes which
can be illustrated by the presence of chitinases in selective parts of flowers (Lortan et al.,
1989; Neale et al., 1990), and the appearance of chitinases during leaf senescence
(Hanfrey et al., 1996). Recently, it was reported that Arabidopsis mutants of a chitinase-
like protein are cellulose deficient with phenotypes indicative of weak primary cell walls
(Mouille et al., 2003). Furthermore, two cotton chitinase-like proteins were shown to be
expressed preferentially during secondary wall deposition (Zhang et al., 2004). These
observations suggest that some chitinases might be essential for cellulose synthesis in

primary and secondary cell walls. In addition, chitinases from the apoplast of cold-



adapted winter rye leaves have been shown to retard the growth of ice crystal,
demonstrating antifreeze activity (Hon et al., 1995).
1.2.3 Chitinase Gene Structures

A large number of cDNAs clones but relatively fewer genomic clones have been
isolated for plant chitinases, and most of the gene information is related to class I, II, and
IIT chitinases. Thus, only these three classes of chitinase genes will be discussed in this
section.
1.2.3.1 Class I and Il Chitinase Genes

The available genomic sequences for class I and II chitinases show that most
genes of these two classes contain two introns. The first intron is usually located after the
position corresponding to the conserved catalytic site motif SHETTG, whereas the
second intron is located just before the conserved motif NYNY. The introns are usually
small, ranging in size from approximately 50-200 bases. On the other hand, some class I
or II chitinase genes contain no introns for example in wheat (Liao et al., 1994) or potato
(Gaynorl and Unkenholz, 1989), while and some contain one intron, for example, in
Brassica napus (Hamel and Bellemare, 1995).

Class I and II chitinase genes have various genomic structures, represented by a
single copy to a multi-gene family. For instance, potato class I chitinase genes (Ancillo et
al., 1999), maize class I genes (Wu et al, 1994) and two strawberry class II genes (Khan
and Shih, 2004) exist as one or two copies per haploid genome, whereas potato class 11
chitinase genes show complex genomic organization with a minimum of 5 copies per

haploid genome (Stanford et al., 1989).
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1.2.3.2 Class I11 Chitinase Genes

Similar to class I and II chitinase genes, the exon/intron structure of class III
chitinase genes also displays variability. Genes encoding class III chitinase in strawberry
(Khan et al., 1999), cucumber (Lawton et al., 1994), Vitis vinifera (Ano et al., 2003) and
Benincasa hispida (Shih et al., 2001) are intronless. In comparison, class III chitinase
genes from soybean and Arabidopsis contain one intron and two introns, respectively
(Watanabe et al., 1999; Samac et al., 1990).

Class III chitinase genes in Arabidopsis (Samac et al., 1990), Sesbania rostrata
(Goormachig et al., 2001), Beta vulgaris (Nielsen et al., 1993), Lupinus albus (Regalado
et al., 2000), and Cucurbita sp. (Kim et al., 1999) exist as single-copy genes. On the other
hand, soybean class III chitinase genes and heveamine from H. brasiliensis are encoded
by a small multi-gene family (Bokma et al., 2001).

1.2.4 Regulation of Chitinase Genes

In healthy plants, some forms of chitinases, both vacuolar and extracellular, are
synthesized constitutively. Class I chitinases were found to be constitutively expressed at
high levels in the roots of many plants (e.g.: Samac et al., 1990; Neale et al., 1990; Hamel
et al., 1995). Class III chitinase transcripts are constitutively present in the leaf vascular
tissues, hydathodes and guard cells of Cucumis sativus and Arabidopsis (Lawton et al.,
1994; Samac and Shah, 1991). Moreover, it was observed that constitutive expression of
chitinase genes increased with the plant’s age (Samac et al., 1990; Lawton et al., 1994).
Generally, higher chitinolytic activity is detected in older leaves than in young leaves.

The expression of some chitinases is developmentally and organ-specifically

regulated. For example, the presence of a class III chitinase was detected during the seed
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development of Lupinus albus (Regalado et al., 2000). The expression of a class [V
chitinase and a class III chitinase increased markedly during grape and banana ripening,
respectively (Robinson et al., 1997; Peumans et al., 2002). A tobacco class I chitinase
was found to be highly expressed during flower formation (Neale et al., 1990).

Induction of chitinase gene expression by pathogen attack is reported in numerous
studies (as reviewed in Collinge et al., 1993, and Neahaus, 1999). It has often been
observed that different chitinase genes within a single plant are differentially regulated in
response to a specific pathogen. For instance, in barley leaves infected with powdery
mildew, only one of the three chitinases investigated was significantly induced (Kragh et
al., 1993). In strawberry plants inoculated with Colletotrichum fragariae or
Colletotrichum acutatum, one class II chitinase gene was induced within 2-6 h post-
inoculation, while another class II chitinase gene did not respond until 24-48 h post-
inoculation (Khan and Shih, 2004). Furthermore, the induction of chitinases can be
systemic or local. It depends on the infecting pathogen, its virulence or the particular
chitinase class. When parsley leaf buds were infected with Phytophthora sojae, one class
IT chitinase was induced rapidly, strongly, and locally around infection sites, whereas the
other class II chitinase was induced slowly and systemically throughout the infected
leaves and even the whole organism (Ponath et al., 2000). A class III chitinase in Vitis
vinifera was first induced in the leaf inoculated with Plasmopara viticola, and induced
later in the upper-stage healthy leaf; in contrast, the expression of a class I chitinase
remained negligible under experimental conditions in the study (Busam et al., 1997).

Pathogen attacks lead to an increase in the endogenous salicylic acid, jasmonic

acid or ethylene content in plants, which act as secondary signaling molecules to activate
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both local and systemic defenses (Thatcher et al., 2005). Thus, it is rational to expect that
exogenous application of these signal molecules would stimulate the expression of
chitinases, which actually has been demonstrated in various plant species (e.g.: Ishige et
al., 1993; Buchter et al., 1997; Davis et al., 2002; Ding et al., 2002; Wu and Bradford,
2003). In general, different chitinase genes in the same plant often show differential
response upon treatment with these compounds. Moreover, one chitinase gene often
shows distinct expression patterns in response to different signal molecules.

In addition to the factors described above, the expression of chitinase genes can
be induced by other external stimuli, e.g., wounding, drought, cold, ozone, heavy metals,
salinity and UV light. Wounding stimulated chitinase gene expression in a number of
different plants, such as maize (Bravo et al., 2003), Brassica napus (Hamel et al., 1995)
and pea (Chang et al., 1995); some chitinases were even induced in a systemic manner
(e.g., Parsons and Gordon, 1989; Standford et al., 1990). Cold acclimation and
dehydration induced the expression of one class II chitinase gene in Bermuda grass (de
los Reyes et al., 2001). A pumpkin chitinase was induced by osmotic stress (Arie et al.,
2000). Ozone treatment caused a rapid increase in intracellular chitinases in tobacco
plants (Schraudner et al., 1992).

Several chitinase promoters have been fused to the reporter genes and introduced
in plants, in order to identify the cis-elements and the trans-acting factors involved in
regulation of chitinase expression. The promoter of a tobacco class I chitinase gene
(CHN48) was fused to a B-glucuronidase (GUS) reporter gene, and this chimeric gene
construct was introduced to tobacco plants (Shinshi et al., 1995). The DNA sequence

between positions -480 and -410 relative to the transcription start site was found to be

13



absolutely necessary for ethylene-responsive transcription of GUS. This 71-base DNA
fragment contains two copies of the GCC box element, which was originally identified as
an ethylene responsive element in the promoter of several tobacco basic PR genes (Hart
et al., 1993). Gel mobility-shift assays showed the presence of nuclear factors that
interact with the ethylene-responsive region.

In addition, a series of promoter constructs of the tobacco chitinase CHN50 fused
to the GUS gene was introduced into cultured tobacco cells (Fukuda and Shinshi, 1994;
Fukuda, 1997). Promoter deletion analysis revealed that the DNA region between
positions -788 and -345 from the transcription initiation site was required for induction
by fungal elicitor. It was also found that a nuclear factor(s) bound specifically to the
sequence motif GTCAGAAAGTCAG between positions -533 and -521. This sequence
motif includes a TGAC core sequence of the W box element on the complementary
strand. W boxes have been shown to mediate pathogen and/or elicitor induced gene
transcription via the W box-binding WRKY transcription factors (Ruston et al, 1996). A
W box related sequence element was also identified within the region between -125 and -
69 of CHN48 (Yamamoto et al., 2004). The DNA fragment corresponding to the -125
and -69 region was then fused to a luciferase reporter gene. The expression of the reporter
gene in transgenic tobacco was induced by treatment with fungal elicitor. Furthermore,
the tobacco WRKY homologs were shown to be able to bind to the W box of CHN48 and
stimulate the W box-mediated transcription of a luciferase reporter gene in transient
expression assays. These results suggested the involvement of tobacco WRKY's and the

W box element in elicitor-responsive transcription of tobacco chitinase genes.
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1.2.5 Existence of Chitinase-Containing Protein Complex

All plant chitinases examined thus far exist as single-chain polypeptide molecules,
except a chitinase present in the apoplastic space of cold-adapted winter rye leaves (Yu
and Griffith, 1999). The apoplastic fluid from cold-acclaimed winter rye leaves contained
nine native proteins (NPs), seven of which were found to be protein complexes consisting
of multiple polypeptides. Western blot analysis revealed that all these complexes are
composed of various combinations of one 35-kDa chitinase-like protein (CLP), two -
1,3-glucanase-like proteins (GLP, 32 kDa and 35 kDa), one 25-kDa thaumatin-like
protein (TLP), and other unidentified proteins. One of the NP complexes was isolated
using affinity chromatography, and was shown to contain the 35-kDa CLP, the 35-kDa
GLP, and two unknown proteins. The gene encoding the 35-kD CLP was subsequently
cloned, and the sequence of the gene indicated that the protein is indeed a chitinase (Yeh
et al. 2000).

A more recent study by Stressmann et al (2004) showed that repeated cycles of
freeze-thaw treatments or certain cations could affect the structure and organization of the
winter rye protein complexes. Specifically, the study showed that the complexes were
partially unfolded or rearranged after freezing and thawing, which led to the exposure of
new Ca' -binding sites. Binding of Ca"" to these sites caused inhibition of the antifreeze

and chitinase activities of these complexes.
1.3 The PR-5 Family: Thaumatin-Like Proteins/Osmotin-Like Proteins

Members of the PR-5 family were originally described from tobacco when
induced upon TMV infection. The amino acid sequences of PR-5 proteins share a high

degree of homology with thaumatin, the sweet-tasting protein that accumulates in the
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fruit of Thaumatococcus danielii plants, and, thus, they are often referred to as thaumatin-
like proteins (TLPs). In addition, osmotin, which was originally identified as the
predominant protein in salt-adapted tobacco cells, is related to thaumatin in amino acid
sequence and therefore belongs to the PR-5 family as well (Singh et al., 1985).

1.3.1 Physicochemical Properties of TLPs

The TLPs are generally resistant to proteases and pH- or heat-induced
denaturation. The molecular masses of TLPs fall into two size ranges. One group of
proteins has a size ranging from 22 to 26 kDa, while the other group comprises proteins
of 16 kDa, due to an internal deletion of 58 amino acids. No glycosylation has been
observed in any TLP so far.

The TLPs have a wide range of pl values, varying from very acidic to very basic
(pI 3.4-12). Similar to other PR families, the extracellular TLPs tend to be acidic, while
the vacuolar TLPs tend to be basic. It is not clear at the present time whether there is any
biological significance to this observation. PR-5 proteins are synthesized as precursor
proteins with an N-terminal signal sequence, with a highly conserved alanine residue at
the cleavage site. Basic PR-5 proteins have an additional signal peptide at the C-terminus
which is required for their targeting to the vacuole (Melchers et al., 1993).

The three-dimensional structure of thaumatin has been determined using X-ray
crystallography (Ogata et al., 1992). Thaumatin is composed of three domains, domains I
through III. There is a so-called thaumatin loop within domain II, the structure that is
speculated to be responsible for the sweetness of thaumatin. Moreover, there are 16
cysteine residues within thaumatin, which form 8 disulfide bonds. Disruption of these

disulfide bonds will result in loss of the tertiary structure of the thaumatin molecule, and
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loss of sweetness (Van der Wel and Loeve, 1972). The locations of the 16 cysteine
residues are highly conserved in the higher-molecular-weight TLPs.

The crystal structures of maize zeamatin, tobacco PR-5d protein and tobacco
osmotin have also been determined (Batalia et al., 1996; Koiwa et al., 1999; Min et al.,
2004). Their tertiary structures closely resemble that of thaumatin. However, the
thaumatin loop is absent from domain II of all the three PR-5 proteins, which probably
explains why other PR-5 proteins do not have a sweet taste. Another most notable
structural difference between the three PR-5 proteins and thaumatin lies in a cleft region
that is formed between domains I and II. The cleft region of the three PR-5 proteins is
highly acidic, whereas thaumatin mainly has a basic surface in the cleft region. The acidic
residues involved in the formation of the acidic cleft are three aspartate residues and one
glutamate residue, and they are present at similar positions in all the three PR-5 proteins.
This is an important feature, because zeamatin, PR-5d and osmotin are all antifungal
proteins, but thaumatin is not. This suggests that this acid cleft could be involved in the
antifungal activity of PR-5 proteins.

1.3.2 Biological Functions of TLPs
1.3.2.1 Antifungal Activity

Although they lack hydrolytic enzyme activity, purified TLPs have been shown to
inhibit fungal growth in vitro. For instance, both tobacco and tomato AP24 caused
sporangial lysis of Phytophthora infestans (Woloshuk et al., 1991). Grape osmotin
exhibited inhibitory activities against hyphal growth of Guignardia bidwellii and Botrytis
cinerea (Salzman et al., 1998). A TLP from the flower buds of Chinese cabbage caused a

rapid release of cytoplasmic materials from the fungal hyphal tips of Neurospora crassa,
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and inhibited conidial germination of Trichoderma reesei, Fusarium oxysporum and B.
cinerea (Cheong et al., 1997).

It has been observed that TLPs exhibit some degrees of specificity toward the
fungi species upon which they act. In a study conducted by Vigers et al. (1992), the
antifungal activities of three different TLPs (maize zeamatin, tobacco osmotin, tobacco
PR-S) were compared. Among the three TLPs, PR-S was the most effective against
Cercospora beticola. On the other hand, PR-S failed to inhibit the growth of
Trichoderma viride, Candida albicans, and N. crassa, while both zeamatin and osmotin
completely inhibited the growth of these three fungi. Furthermore, Abad et al. (1996)
demonstrated that tobacco osmotin could inhibit Bipolaris, Fusarium, and Phytophthora
species, but had no effect on Aspergillus, Macrophomina, and Rhizoctonia species.

The in vitro antifungal activity of TLPs indicated that this protein family could
play an important role in plant defense against pathogen invasions. In the view of this
possibility, transgenic plants over-expressing PR-5 proteins have been produced for
several plant species. In many cases, the transgenic plants exhibit enhanced disease
resistance. For example, over-expression of tobacco osmotin in transgenic potato plants
led to enhanced resistance to P. infestans, the potato late blight pathogen (Liu et al.,
1994). Transgenic wheat plants with constitutive expression of a rice TLP exhibited
delayed development of wheat scab caused by Fusarium graminearum (Chen et al.,
1999). In a more recent study, two transgenic carrot lines that constitutively expressed a
different rice TLP were developed (Punja, 2005). Both lines showed significantly fewer

disease symptoms when inoculated with six different pathogens.
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The molecular mechanism that accounts for the antifungal activity of PR-5
proteins, however, is still not clear. The mechanism may involve interactions with
specific plasma membrane component(s) of the fungal target and/or destabilizing the
fungal plasma membrane. Abad et al. (1996) demonstrated that tobacco osmotin could
cause membrane leakage and dissipated the pH gradient across the cell wall/membrane of
sensitive fungal species. In addition, the species specificity of osmotin suggested the
existence of membrane receptors. Using Saccharomyces cerevisiae as a model system,
several studies have found that the antifungal activity of PR-5 protein was mediated by
the composition of fungal cell wall (Coca et al., 2000; Ibeas et al., 2001). In particular,
fungal cell wall phosphomannans were shown to facilitate the toxic activity of PR-5
proteins (Ibeas et al., 2000; Salzman et al., 2004). Furthermore, recently, a seven
transmembrane domain receptor-like protein was found to be an osmotin-binding plasma
membrane protein, and this protein was required for the osmotin-induced apoptosis in S.
cerevisiae (Narasimhan et al., 2001; Narasimhan et al., 2005).
1.3.2.2 Antifreeze Activity

The antifreeze activity of a TLP was first described in winter rye (Hong et al.,
1995). The apoplast of cold-acclimated winter rye leaves contains several distinct
proteins, which are found to be homologs of PR proteins, including a TLP. The
accumulation of these PR proteins in the apoplast upon exposure to cold temperature is
correlated with the increase in freezing tolerance. In addition, a cryoprotective protein
was purified from the stem of bittersweet nightshade and identified as an OLP (Newton

and Duman, 2000). This protein was subsequently expressed in Escherichia coli, and the
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partially purified protein in the supernatant fraction of the culture medium showed
cryoprotective activity.
1.3.2.3 Roles in Developmental Processes

Various TLPs have been observed to accumulate during the fruit ripening of
bananas (Clendennen and May, 1997), cherries (Fils-Lycaon et al., 1996), grapes
(Salzman et al., 1998), and tomato (Pressy, 1997). Tobacco osmotin was highly
expressed in explants during de novo flower formation (Neale et al., 1990). In addition,
the mRNAs of one barley and one oat TLP accumulated in an unusual bimodal pattern
during seed development (Skadsen et al., 2000). The mRNA was highly abundant around
the time of pollination, and then decreased rapidly to near-zero, and a second peak
appeared in the doughy stage of development. Osmotin-like protein was also identified as
one of the PR proteins related to the somatic embryogenesis of Cichorium (Helleboid et
al., 2000). These studies demonstrate that TLPs play a role in various developmental
processes.
1.3.2.4 Beta-1,3-Glucanase Activity

In the study conducted by Trudel et al. (1998), seven purified TLPs from corn,
pea and barley, either constitutively expressed or stress-induced, were shown to bind to
polymeric glucan. In a more recent study (Grenier et al., 2001), six TLPs from barley,
tomato, cherry, and tobacco were shown to exhibit glucanase activity on polymeric
glucan. The cherry fruit TLP and two tobacco TLPs can even hydrolyze crude cell wall
preparations from Saccharomyces cerevisiae, indicating that these TLP enzymes could
act on complex fungal B-1,3-glucans. Furthermore, analysis of hydrolyzed products by

thin-layer chromatography revealed that all six active TLPs acted as endo-f-1,3-
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glucanases. This unexpected activity of some TLPs brings new insight into the
mechanisms accounting for the antifungal activity of TLPs: destabilizing target
membrane on one hand, binding and/or hydrolyzing fungal -1,3-glucan on the other
hand.
1.3.3 TLP Gene Structure and Regulation

A large number of cDNAs, but fewer gene sequences, have been isolated for
TLPs. To date, all known genomic sequences of TLPs, except one, contain no introns,
e.g., in tobacco (Velazhahan et al., 1999), potato (Castillo Ruiz et al., 2005), strawberry
(this study and Wu et al., 2001), Benincasa hispida (Shih et al., 2001) and black
nightshade (Campos et al., 2002). The lone exception is a pistil-specific TLP gene from
Japanese pear which contains one intron of 351 bp (Sassa et al., 2002). The genomic
organization of TLP genes shows variability; TLP genes are represented by a single-copy
gene to a large multi-gene family. For example, OLP genes from Arabidopsis and
Benincasa hispida have one copy per genome (Capelli, 1997; Shih et al., 2001). In
contrast, black nightshade shows a complex organization of OLP genes with at least 8
members (Campos et al., 2002).

Recently, a bacterial artificial chromosome (BAC) library containing about
50,000 clones was constructed from an interspecific hybrid between two cultivated potato
species (Castillo Ruiz et al., 2005). The BAC library was screened with a tobacco PR-5
cDNA probe or a potato osmotin probe. Positive BAC clones were characterized by
southern hybridization, sequence analysis and genetic mapping. The results revealed that
four acidic PR-5 homologous genes were localized to a 45-kb segment on potato

chromosome XII. In addition, nine basic PR-5 homologous genes were found to be
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organized at two loci: eight genes in a 90-kb cluster on chromosome VIII and one single
gene on chromosome XI. To my knowledge, this is the only report demonstrating that
PR-5 protein genes could appear as gene clusters. Yet the frequency of PR-5 protein
genes to exist as clusters in the plant kingdom is unknown.

TLPs normally are either not expressed or are expressed at very low levels in the
leaves of young healthy plants. But they could accumulate to high levels in response to
biotic or abiotic stress. The highest levels of TLPs or their mRNAs were frequently found
in roots (e.g., Neale et al., 1990; Zhu et al., 1995; Hong et al., 2004), presumably due to
constant exposure to soil-associated microbes. In addition, as described in a previous
section, high expressions of TLPs were observed in flower tissues, overripe fruits, as well
as seeds of several cereals, indicating TLP genes can be developmentally regulated.

The induction of TLPs in response to microbial infection has been observed in
various plant species. For example, inoculation of Arabidopsis with turnip crinkle virus
induces acidic PR-5 protein genes (Dempsey et al., 1993). Three potato PR-5 protein
genes were strongly expressed 4 days after infection by P. infestans (Zhu et al., 1995).
When oat seedlings were challenged with stem rust fungus, four distinct TLPs genes were
induced, some as early as 24 h after infection (Lin et al., 1996). Ward et al. (1991)
studied the gene expression profile during TMV-induced systemic acquired resistance
(SAR). They found that PR-5 protein genes were not only induced in locally infected
tobacco leaves, but also in the secondary uninfected leaves of the same plant. Similarly,
the systemic expression of the PR-5 gene was found to be activated in Arabidopsis plants
infected with Pseudomonas syringae (Van Wees et al., 1999;) and pepper plants infected

with Xanthomonas campestris pv. vesicatoria (both virulent and avirulent strains) or
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Pseudomonas fluorescence (Hong et al., 2004), suggesting the involvement of PR-5
proteins in SAR.

Wounding-induced expression of OLP genes was also demonstrated in various
plant species (e.g. Fredo et al., 1992; Zhu et al., 1995; Ruperti et al., 2002). Interestingly,
wounding appeared to be able to trigger the systemic expression of OLPs as well. In a
study by Neale et al. (1992), the level of tobacco osmotin mRNA in unwounded leaves
was elevated to a similar level as that in wounded leaves. In addition, a pepper OLP was
induced in both wounded and intact pepper leaves (Hong et al., 2004). These results
suggest that a systemic signal might be involved in PR-5 gene regulation.

Selective members of the PR-5 family can be induced by osmotic-related stress.
Tobacco osmotin and a tomato TLP (NP24) were shown to accumulate in salt stressed
tobacco cells and tomato cells, respectively, and were the most abundant protein in the
cell (Singh et al., 1985; King et al., 1988). Furthermore, the expression of OLP genes
from potato and pepper were activated by low temperature, high salinity and drought
(Zhu et al., 1995; Hong et al., 2004).

In addition, the expression of OLP genes can be stimulated by exogenous
application of plant hormones, including abscisic acid (ABA), salicylic acid (SA),
jasmonic acid (JA), and ethylene. These hormones can serve as secondary signal
molecules in plant signaling pathways in response to biotic and abiotic stress. The
induction of OLP genes by ABA, SA, JA or ethylene has been observed in various plant
species, such as Arabidopsis (Uknes et al., 1992), tobacco (La Rosa et al., 1992; Xu et al.,
1994), potato (Zhu et al., 1995), pepper (Hong et al., 2004) and strawberry (this study). In

addition, Xu et al. (1994) showed that combinations of JA and ethylene, or JA and SA
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were more potent than individual compounds. On the other hand, results from several
studies suggested that the induction and accumulation of OLP mRNAs by these
compounds might not lead to a corresponding increase of proteins, indicating additional
regulation at the translational level. For instance, ABA induced the accumulation of
tobacco osmotin mRNA, but not the protein (LaRosa et al., 1992). Similarly, ABA and
SA resulted in the induction of three potato OLPs only at the mRNA level (Zhu et al.,
1995). In contrast, the combination of ethylene and methyl jasmonate caused both
tobacco osmotin mRNA and protein accumulation (Xu et al., 1994). Several TLPs in
wheat were induced by SA or JA treatment at both the mRNA and protein levels (Jayaraj
et al., 2004).

The promoter of tobacco osmotin gene has been extensively studied using
osmotin promoter-GUS fusions (Ragothama et al., 1993; Ragothama et al., 1997). The
region of the promoter between -248 to -108 from the transcription start site was found to
be essential for the gene activity, and responsible for regulation by ABA, ethylene, salt,
desiccation and wounding. Within this region, a DNA sequence resembling the ABA-
responsive sequence (CACGTG) was identified; this element was shown to bind nuclear
factors presumably involved in transcription regulation. In addition, this region contains a
GCC box element (AGCCGCC), which is the ethylene responsive element conserved in
the promoters of a number of PR genes. This GCC box has been shown to be necessary
and sufficient to confer ethylene-induced transcription of tobacco osmotin gene.
Similarly, the promoter of one tobacco OLP contains two copies of GCC box sequences
(Sato et al., 1996). Transgenic tobacco plants with wild type or mutated OLP promoter-

GUS fusion showed that mutation in the GCC box caused loss of ethylene-inducible GUS
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expression. Furthermore, EREBP2, a nuclear protein factor that specifically binds to the
GCC box of a tobacco B-1,3-glucanase gene, was shown to bind to this sequence element
in the tobacco OLP gene. This observation suggests that ethylene-induced expression of

this OLP is regulated by the binding of this factor to the GCC box sequence.
1.4 Defense Signaling Pathways in Plants

Plants defend themselves against pathogen invasions through a combination of
preformed and induced defense mechanisms. Preformed structural barriers such as cell
wall lignification and callose deposition, and antimicrobial compounds (e.g. phytoalexin),
can provide non-specific protection. On the other hand, the induced defense mechanisms
are more sophisticated, starting with plant-pathogen recognition, which is based on the
interaction between pathogen elicitors and plant receptors. This interaction as a signal is
subsequently transmitted through different signaling pathways, and eventually leads to
the expression of plant defense genes. A number of secondary signaling molecules are
involved in the downstream signal transduction, including SA, JA and ethylene. Each of
these signal molecules leads to a different signal pathway, induces a different subset of
plant defense genes, and eventually provides resistance against specific pathogens.

1.4.1 SA-Dependent Signaling Pathway

Salicylic acid has been shown to play central roles in a plant’s local defense
against pathogen invasion, and is required for the establishment of systemic acquired
resistance (SAR) (Uknes et al., 1992). SAR is associated with an increase of SA initially
locally and then systemically through out the plant, which leads to expression of defense
genes including PR protein genes. SAR results in a long-lasting, systemic resistance to

subsequent infection by a broad range of pathogens (Ryals et al., 1996).
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A key regulatory protein in SA signaling is NPR1 (nonexpressor of PR genes),
which is required for the development of SAR and induction of PR genes (Cao et al.,
1994). NPR1 appears to act downstream of SA and has been shown to translocate to the
nucleus at the onset of SAR (Dong, 1998). It is also involved in the feedback regulation
of SA biosynthesis during SAR (Cao et al., 1997). NPR1 is an ankyrin-repeat containing
protein, a domain often involved in protein-protein interactions. A subclass of basic
region/leucine zipper (bZIP) transcription factors called TGAs have been shown to
specifically interact with NPR1 through the ankyrin repeat domain (Zhang et al., 1999;
Zhou et al., 2000). Furthermore, TGA2 was shown to bind to a so-called as-1-like motif
within the PR-1 gene promoter, a motif essential for SA-induced PR-1 gene expression
(Lebel et al., 1998; Zhang et al., 1999). These results suggest TGA transcription factors
can take part in regulating SA-responsive expression of PR genes.

Another important transcription factor family involved in SA-mediated defense
response is the plant-specific WRKY family, which binds to the W box motif containing
a TGAC core (Eulgem et al., 2000). A number of pathogen inducible genes contain the W
box in the promoter, suggesting a role for this element in pathogen-induced gene
expression (Rushton and Somssich, 1998). The NPR1 promoter contains several copies of
the W box, and mutations of the W box were shown to abolish its expression, indicating
that WRKY transcription factors are crucial for NPR1 expression (Yu et al., 2001). In
addition, analysis of PR-1 co-regulated genes, which were induced during SAR, revealed
an over-representation of W box or W box-like motifs in their promoters (Maleck et al.,
2001). Therefore, WRKY transcription factors might also be involved in the regulation of

SA-responsive defense-related genes.
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1.4.2 JA-Dependent Signaling Pathway

Both JA- and ethylene-mediated signaling are required for the development of
another type of systemic resistance termed induced systemic resistance (ISR), which is
independent of SA signaling (Pieterse et al. 1998). Certain strains of non-pathogenic
rhizosphere bacteria can initiate ISR. These bacteria are referred to as plant growth-
promoting rhizobacteria (PGPR) due to their ability to stimulate plant growth and to
improve plant stand under stress conditions (Kloepper et al., 1980). These PGPR have
been shown to be able to protect plants from pathogen infection through induction of
systemic resistance (i.e., ISR) in plants, without provoking any symptoms themselves
(Van Loon et al., 1998). In ISR, a different subset of PR genes, including the defensin
(PR-12) and thionin (PR-13) genes, are induced (Dong, 1998).

Jasmonic acid signaling can be activated by wounding, insects, microbial
pathogens and abiotic stresses (Turner et al., 2002). These stimuli activate JA
biosynthesis. A mitogen-activated protein kinase (MAPK) named WIPK was identified in
tobacco, and was shown to be required for wound-induced JA biosynthesis (Seo et al.,
1999). On the other hand, in Arabidopsis, a different MAPK, ATMPK4, appears to
regulate JA perception or response, since the mpk4 mutant failed to express the JA-
regulated defensin and thionin after treatment with JA (Petersen et al., 2000). Mutational
studies reveal two additional regulators in JA signaling, JARI and COI1. The JAR1 gene
encodes a protein similar to adenylate-forming enzymes, suggesting that JAR1 may
control JA signaling by metabolizing JA molecules (Staswick et al., 2002). The COI1

gene encodes a leucine-rich-repeat-containing F-box protein, which might function by
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recruiting transcriptional repressors and targeting them for removal by ubiquitination
(Xie et al., 1998).
1.4.3 Ethylene-Dependent Signaling Pathway

Ethylene-mediated signaling is the most extensively studied signaling pathway.
Ethylene signaling can be activated by pathogens, wounding and various abiotic stresses.
The ethylene receptors have been identified in Arabidopsis and other plant species. They
are membrane-localized proteins, and are homologs of the bacterial two-component
histidine kinases involved in sensing environmental changes (Wang et al., 2002).
Interestingly, it appears that ethylene receptors negatively regulate the ethylene response
(Hua and Meyerowitz, 1998). Furthermore, mutational analyses identified another
negative regulator, CTR1, in ethylene signaling (Kieber et al., 1993). CTR1 appears to
work downstream of the ethylene receptor, and is a member of the Raf family of Ser/Thr
protein kinases which initiate MAPK signaling cascades in mammals. Wang et al. (2002)
propose that in the absence of an ethylene signal, ethylene receptors activate CTR1,
which in turn negatively regulates the downstream ethylene signaling, possibly via a
MAPK signaling cascade. They also propose that binding of ethylene results in the
deactivation of the receptors as well as CTR1, allowing downstream signaling events to
occur.

In addition, EIN2, a novel integral membrane protein, has been shown to be an
essential positive regulator and acts downstream of CTR1 and upstream of EIN3
(Ethylene-Insensitive 3) in ET signaling (Alonso et al., 1999). EIN3 is a nuclear-localized
component in ET signaling. In Arabidopsis, it was able to bind directly to the promoter

region of Ethylene-responsive-factor 1 (ERF1), suggesting its role as a transcriptional
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regulator of ERF1 (Cao et al., 1997; Solano et al., 1998). ERF1 is a member of plant
specific transcription factors referred to as ethylene-response-element binding proteins
(EREBPs). ERF1 binds to the GCC box promoter element to activate expression of
defense genes, such as defensin and chitinase (Solano et al., 1998), while the GCC box is
often associated with ET- and pathogen-induced gene expression and is conserved in
many pathogen-responsive genes.
1.4.4 Cross-Talk between Signaling Pathways

The SA-dependent and JA-dependent pathways often seem to act antagonistically.
For example, SA has been shown to inhibit JA biosynthesis and JA-responsive gene
expression (Penninckx et al., 1996; Gupta et al., 2000). The NahG mutant that is unable
to accumulate SA exhibited increased JA level and JA-responsive gene expression in
response to pathogens, suggesting that pathogen-induced SA biosynthesis could suppress
JA accumulation and JA-responsive gene expression (Spoel et al., 2003). JA also can
negatively regulate SA signaling. The mpk4 mutant, impaired in JA signaling,
constitutively expressed SA-mediated gene expression (Petersen et al., 2000). On the
other hand, some studies show that SA and JA can work synergistically. For example, in
a gene expression profiling study, 55 genes were induced by both SA and JA (Schenk et
al., 2000). Interestingly, NPR1, the essential protein in SAR, is also required for the
establishment of ISR (Pieterse et al., 1998). Several studies indicate that NPR1 is a
central regulator which coordinates different plant defense responses including SAR, ISR,
and SA/JA interaction (Durant and Dong, 2005).

The ET- and JA-dependent pathways generally act together. For instance, in a

microarray study, most genes induced by ET were also induced by JA (Schenk et al.,
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2000). Furthermore, both JA and ET were required for the induction of a defensin gene
(Penninckx et al., 1998), and the establishment of ISR requires JA and ET signaling
(Pieterse et al., 1998).

The plant hormone abscisic acid (ABA) is mainly known as the regulator of the
signaling pathway involved in plant responses to abiotic stresses such as salinity, drought
and coldness, as well as plant growth and development. Recently, ABA was shown to
have a negative effect on JA or ET mediated defense gene expression, while ET had a
negative effect on ABA regulated gene expression (Anderson et al., 2004). Furthermore,
mutants defective in ABA signaling exhibited increased JA or ET regulated defense gene
expression. These results, taken together, demonstrate the degree of complexity in the

regulation of defense signaling pathways.
1.5 Study of Strawberry’s Pathogenesis-Related Genes / Proteins

Strawberry is a member of the Rosaceae family, which is a large family
consisting of 100 genera and more than 3,000 species (Baumgardt, 1982). The Rosaceae
family includes many economically important fruit crops such as apples, pears and
blueberries. Strawberry is a major economic fruit crop in the southern United States.
Florida is one of the largest producers of strawberry, accounting for 12% of the annual
domestic production, but 100% of the winter crop. In Louisiana, strawberry has always
been an important horticultural crop. However strawberry production has been declining
consistently in recent years, mainly due to strawberry diseases. One of the most severe
diseases of strawberry is anthracnose disease, which causes crown, fruit, and root rot and
damages petiole and runners. The agents responsible for this disease are the fungal

species Colletotrichum fragariae, C. acutatum, and C. gloeosporioides. Currently there is

30



no fungicide approved that can be safely applied for disease control. The only precaution
farmers can take is to obtain plants which are fungus free. Bioengineering of strawberry
plants to generate plants with enhanced disease resistance, therefore, is an attractive
alternative. Such goals for other crop species have been achieved. While transfer of
foreign genes such as chitinases or B-1,3-glucanases under control of a strong promoter,
such as CaMV 35S RNA, has been achieved in strawberry, it is still necessary to obtain
knowledge of strawberry’s pathogenesis-related proteins to better understand the plant
defense as a whole. A former student in Dr. Shih’s lab found that a major acidic chitinase
isoform in strawberry leaves could be a protein complex. This is an interesting
observation since such a chitinase-containing complex has only been reported in cold-
acclimated winter rye leaves. Thus, one of the goals of this dissertation is to purify and
characterize this protein complex. In addition, among all the PR proteins, chitinases and
B-1,3-glucanases have been studied extensively. On the other hand, the PR-5 protein
family is less understood, especially the regulation of these genes. Therefore a second
goal of this dissertation is to characterize the osmotin-like protein genes in strawberry

and to study their expression under abiotic and biotic stress.
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CHAPTER 2

PARTIAL PURIFICATION OF A CHITINASE-CONTAINING
PROTEIN COMPLEX IN THE STRAWBERRY PLANT

2.1 Introduction

Plant chitinases are pathogenesis-related (PR) proteins, which are implicated in
plant defense mechanisms against pathogens. Chitinases catalyze the hydrolysis of chitin,
a B-1,4-linked homopolymer of N-acetylglucosamine, which is a major structural
component of the cell walls of many pathogenic fungi. Most plant species contain
multiple chitinase isozymes. Plant chitinases are currently divided into seven classes
(classes I through VII) based on their structural properties and amino acid sequence
homologies (Neuhaus, 1999). The majority of these hydrolytic enzymes identified thus
far belong to classes I through IV.

Plant chitinases are generally expressed constitutively at low levels. However,
their synthesis could increase upon viral, bacterial, or fungal infection (Neuhaus, 1999).
Some plant chitinases have been shown to inhibit fungal growth in vitro by causing lysis
of the hyphal tips (Sela-Buurlage et al., 1993; Melchers et al., 1994). Transgenic plants
constitutively expressing chitinases, alone or in combination with a second PR protein
such as B-1,3-glucanase, have been shown to exhibit higher levels of resistance to fungal
infection or delayed development of disease symptoms (Jach et al. 1995; Datta et al.
2001).

All plant chitinases examined thus far exist as single-chain polypeptide molecules
with the exception of a chitinase present in the apoplastic fluid of winter rye leaves. A

study reported by Yu and Griffith (1999) showed that fractionation of the apoplastic fluid
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prepared from cold-acclaimed winter rye leaves on a native polyacrylamide gel resulted
in the separation of nine proteins. When each of these proteins, designated as native
proteins (NPs) 1 through 9, was isolated from the native gel, denatured, and examined by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), seven of the
NPs were found to be protein complexes consisting of multiple polypeptide chains. For
example, NP4, NP5 and NP6 contained seven, eight, and five polypeptides, respectively.
In addition, western blot analyses revealed that all these complexes are composed of
various combinations of a 35- kDa chitinase-like protein (CLP), two B-1,3-glucanase-like
proteins (GLP), a thaumatin-like protein (TLP), and other unidentified proteins.
Interestingly, all the protein complexes except NP1 exhibited antifreeze activity. One of
the NPs, NP3, was further purified using affinity chromatography. Analysis of this
protein revealed that it contains the 35-kDa CLP, one GLP, and two unknown
polypeptides. The gene encoding the 35-kD CLP was subsequently cloned, and the
sequence of the gene indicated that the protein is indeed a chitinase (Yeh et al. 2000). A
more recent study by Stressmann et al (2004) showed that repeated cycles of freeze-thaw
treatment or certain cations could affect the structure and organization of the winter rye
protein complexes. Specifically, the study showed that the complexes underwent
structural changes during the cycles of freezing and thawing, which leads to the exposure
of new Ca" -binding sites. Binding of Ca"" to these sites caused inhibition of the
antifreeze and chitinase activities of these complexes.

Strawberry is a member of the Rosaceae family, which consists of more than
3000 species (Baumgardt, 1982). This plant family includes many important fruit crops

such as apples, pears and raspberries. Thus far, relatively few studies have been reported
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on PR proteins or PR protein genes of the Rosaceae family. Our laboratory has
previously reported the nucleotide sequences of a strawberry class III chitinase gene and
two class II chitinase genes, and the expression of the two class II chitinase genes upon
fungal infection (Khan et al., 1999; Khan and Shih, 2004). In this chapter, I report the
partial purification of a strawberry protein complex consisting of at least five chitinase
isoforms. To our knowledge, this protein complex represents the second example of a
chitinase-containing protein complex in higher eukaryotic species. Furthermore, this
strawberry chitinase complex appeared to be structurally different from protein

complexes present in the winter rye leaves.

2.2 Materials and Methods

2.2.1 Plant Materials

Dormant strawberry (Fragaria ananassa Duchesne) plantlets were purchased
from Nourse Farms (Deerfield, MA). The plantlets were planted into 9 cm® containers
(Kord, Ontario, Canada) that contained a soil mix [bark, peat moss, and perlite (7:2:1,
v/v/v)] mixed with dolomitic lime (4.7 kg m™). Approximately 5 g of Osmocote-plus
fertilizer (15-9-12; Scotts-Sierra, Marysville, OH) was spread on top of each container.
The plants were grown in Percival growth chambers (Percival Scientific, Boone, IO,
USA, Model AR-60L) at 26/18°C (day/night) and an 11-h photoperiod. General Electric
(T32T8SP41) lamps were used delivering irradiance of 8 W m. The relative humidity
was kept at 60% to 70%. The plants were watered with distilled water approximately
every other day. Field-grown strawberry plants were collected during the months of May
and June at the Burden Research Station of the Louisiana State University Agriculture

Center.
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2.2.2 Preparation of Protein Extracts

Strawberry leaves or other organs were ground to fine powders in liquid nitrogen.
The ground samples were homogenized at 4 °C with extraction buffer [25 mM Tris-HCI,
pH 8.5, 5% polyvinylpyrrolidone, 14 mM B-mercaptoethanol, and 30 uL/g fresh tissue
weight of a plant protease inhibitor cocktail (Sigma, St. Louis, MO)]. Four ml of the
extraction buffer was used for every gram of fresh tissue. The homogenate obtained was
centrifuged at 12,000 x g for 10 min at 4°C and the supernatant was filtered through one
layer of Miracloth (BD Biosciences Clontech, Palo Alto, CA). The crude extract was
stored at -20°C.
2.2.3 Detection of Chitinase Isoforms on Native Gels

Acidic chitinase isoforms were separated and detected according to the method
described by Trudel and Asselin (1989) with minor modifications. Gel electrophoresis
was carried out using the Hoeffer SE250 Mighty Small mini-gel apparatus (Amersham
Biosciences, Piscataway, NJ). The gels were prepared according to Laemmli (1970) with
the resolving gel being12.5% and the stacking gel being 5%, except that sodium
dodecylsulfate (SDS) was omitted. The protein samples were prepared in a sample buffer
lacking SDS and any reducing agent. Samples were applied to the gels without heating.
The gels were run at 4°C at a constant voltage of 150 V. Once the protein samples
compacted in the gel, voltage was turned to 200 V.

After electrophoresis, the gel was incubated in 100 mL of 0.1 M sodium acetate
buffer (pH5) for 10 min. This gel was then overlaid on a substrate (glycol-chitin)-
containing acrylamide gel. The gels were sandwiched between two glass plates and

incubated at 37 °C under moist conditions for 2-4 hr. A weight of about 100 g was placed
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on top of this assembly. After incubation, the overlay gel was stained with 0.01% (w/v)
fluorescent dye, Calcofluor White M2R (Sigma), in 0.5 M Tris-HCI buffer (pH8.8) for 5
min in the dark. Following extensive destaining with water in the dark, the acidic
chitinase isoforms appeared as dark bands against a fluorescent background when the gel
was viewed on a UV-transilluminator.
2.2.4 Detection of Chitinase Isoforms on SDS Gels

Gel electrophoresis was carried out using the Hoeffer SE250 Mighty Small
minigel system. Resolving (12.5%) and stacking (5%) gels were prepared according to
Laemmli (1970). Glycol-chitin (0.01%) was included in the resolving gel solution.
Protein samples were prepared in a sample buffer lacking any reducing agent, and the
samples were applied to the gel without heating. The gel was run at 16°C at a constant
voltage of 150 V. Once the protein samples compacted, voltage was increased to 200 V.
After electrophoresis, the gel was incubated in 200 mL of 0.1 M sodium acetate buffer
(pH5.0) containing 1% (v/v) Triton X-100 (USB, Cleveland, OH) at 37°C with mild
agitation in an incubator-shaker (Model G-25, New Burnswick Scientific Co., Edison, NJ)
for 16 h. This incubation slowly released SDS from the gel, while promoting protein
renaturation. The gel was subsequently stained with Calcofluor White M2R, destained,
and viewed as described above.
2.2.5 Partial Purification of Chitinase-Containing Protein Complex

Protein extract was prepared in large scale from leaves of field-grown strawberry
plants. Crude extract was prepared as described above. Ammonium sulfate was then

added to the crude extract to 50% saturation and stirred at 4°C overnight. The precipitate
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was collected by centrifugation and resuspended in buffer A (25 mM Tris-HCI, pH8.5, 14
mM B-mercaptoethanol) and dialyzed against the same buffer for 4 h.

The dialyzed sample (approximately 70 mg of proteins) was loaded onto a DEAE-
Sepharose anion-exchange column (2.5 x 15 cm, Amersham Biosciences) equilibrated
with buffer A. The column was first washed with 0.1 M NaCl in buffer A at a flow rate of
2 mL/min until the absorbance (A280) returned to near the base line. The bound proteins
were then eluted with 0.4 M NacCl in buffer A at the same flow rate. The eluted proteins
were dialyzed and concentrated by freeze-drying.

The eluted protein samples from several preparations of DEAE-Sepharose batch-
wise chromatography were combined; and a total of approximately 11 mg of proteins
were loaded onto a HiPrep Sephacryl S-200 HR column (2.6 x 60 cm; Amersham
Biosciences) equilibrated with buffer A containing 0.15 M NaCl. Proteins were eluted
with 320 mL of the same buffer at a flow rate of 1 mL/min controlled with a AKTA
FPLC system (Amersham Biosciences). The size of each collected fraction was 1.5 mL.
Chitinase activity of the collected fractions was determined using [*H]-labeled chitin as a
substrate. Fractions containing the chitinase complex were identified using the native gel
system. Appropriate fractions were pooled and concentrated by freeze-drying.

This concentrated sample (approximately 0.7 mg of proteins) was further
fractionated on a Tricorn Mono Q GL column (5 x 50 mm; Amersham Biosciences)
equilibrated with buffer A. Proteins were eluted with a linear gradient of 0-0.5 M NaCl in
buffer A in a total volume of 60 mL. The flow rate was 1 mL/min and controlled with the
same FPLC system mentioned above. The size of each collected fraction was 1 mL.

Chitinase activity of the collected fractions was determined. The isoform patterns of
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chitinase-containing fractions were examined on acidic native gel, and appropriate
fractions were pooled.

All the fractions from each chromatographic step were stored at —20 °C before
analysis or further fractionation.
2.2.7 Radiometric Chitinase Activity Assay

Total chitinase activity was determined using a radiometric method described by
Cabib (1988) with some modifications (Shih et al., 2001). Each assay reaction mixture
contained 50 pL of 0.1 M sodium acetate buffer (pH5.0), 20 pL of [*H]-chitin
(approximately 3x10° CPM), various amounts of protein samples, and de-ionized distilled
water in a final volume of 200 pL. The reaction mixtures were incubated in 1.5 mL
microcentrifuge tubes at 37°C for 2 h, with shaking at 200 rpm in an incubator-shaker.
After incubation, the reactions were stopped by addition of 200 puL of 10% trichloroacetic
acid. The undigested substrate was pelleted by centrifugation at 15,000 g for 10 min.
Avoiding the pellet, 220 uL of supernatant was withdrawn from each reaction mixture,
and filtered through a 0.45 pm Millipore Ultrafree-MC filter (Millipore Crop., Bedford,
MA) by centrifugation at 15,000 g for 15 s. A 200 pL aliquot from each filtrate was
withdrawn and added to 2 mL of the Liquiscient™™ scintillation cocktail (National
Diagnostics, Atlanta, GA) and counted in a Beckman LS 60001 C Scintillation counter
(Beckman Instruments, Inc., Fullerton, CA).
2.2.8 Silver Staining

Silver staining was performed with GelCode Color Silver Stain Kit (Pierce,

Rockford, IL) according to the manufacture’s protocol.
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2.2.9 Immunoblotting

Proteins were separated by SDS-PAGE using a 12.5 % gel, according to Laemmli
(1970). The proteins in the gel were then blotted onto Hybond ECL nitrocellulose
membrane (Amersham Biosciences) by using a Hoefer electronic transfer unit (Model TE
52X, Amersham Biosciences). The membranes were then incubated with blocking
solution (5% nonfat dry milk powder in PBS buffer with 0.05% Tween-20) at room
temperature for 2 h, and followed by incubating overnight with antiserum against a barley
B-1,3-glucanase or against a rice TLP (dilution, 1:250) (The antisera were obtained from
Professor Muthukrishnan, Kansas State University). The immuno-reactions were detected
by using horseradish peroxidase conjugated to goat anti-rabbit IgG (Pierce) with
SuperSignal West Pico chemiluminescent substrate kit (Pierce) according to the
manufacturer’s protocol.

2.3 Results

2.3.1 Analysis of Strawberry Chitinase Isoform Patterns

To obtain information on strawberry chitinase activity, the isoform patterns of the
enzyme in different strawberry organs were analyzed. Protein extracts were prepared
from leaf, root, crown, and fruit samples collected from field-grown strawberry plants.
Fig. 2.1A shows the activity band patterns of acidic chitinase isoforms. These zymograms
revealed that leaves, roots and crowns (lanes 1 through 3) contained a predominant
isoform, designated as Chi3A, plus two to four minor isoforms. Fruits also contained
ChiA3, but the enzyme band was less prominent than those observed with the other three
organs (lane 4). ChiA3 was also the predominant isoform in the root and crown samples

prepared from plants grown in the growth chamber (Fig. 1B, lane 3 and 4). However,
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Figure 2.1 The acidic isoform patterns of different strawberry organ extracts. Five pg of
total protein was loaded in each lane. (A) Plants grown in the field. Lane 1, leaf extract;
lane 2, root extract; lane 3, crown extract; lane 4, fruit extract. (B) Plants grown in growth
chambers. Lane 2, leaf extract; lane 3, root extract; lane 4, crown extract. For comparison,
leaf extract made from field-grown plants grown is shown in lane 1.
ChiA3 was the only isoform detectable in the leaf sample from plants grown in growth
chamber (Fig. 2.1B, lane 2). Analysis of the organ extracts on basic native
polyacrylamide gels revealed that leaf extracts contained two basic chitinase isoforms
while other organs contained either one or two basic isoforms (data not shown).

The native activity gel results showed that leaves from growth chamber-grown

plants contained only one acidic chitinase isoform and two basic chitinase isoforms.

However, when the same extract was fractionated on a glycochitin-containing SDS-
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polyacrylamide gel (referred to hereafter as SDS activity gel), at least six chitinase
activity bands were observed after proteins were renatured by removing SDS from the gel
following electrophoresis (Fig.2.3, lane 2 and 3). In view of the existence of chitinase-
containing antifreeze protein complexes in winter rye leaves, a possible explanation of
this discrepancy is that one of the isoforms resolved on the native gel is a protein
complex consisting of multiple chitinases.

Since ChiA3 is the predominant isoform in most tested strawberry organs, we
chose ChiA3 to investigate the possibility of it being a protein complex. First, the leaf
extract was incubated under different conditions and fractionated in a higher
concentration native gel (20 % instead of 12.5%) to determine whether ChiA3 still
remained as a single band. To this end, the leaf extract was diluted four-fold to decrease
the total buffer concentration, thus the ionic strength, of the extract solution to 6.25 mM
Tris. The diluted extract was heated at 40°C or 55°C for 30 min in the presence of 0 or 10
mM of additional mercaptoethanol, and fractionated on a 20% native gel. The result in
Fig.2.2 clearly shows that ChiA3 remained as a single band under these conditions,
although some degrees of enzyme inactivation occurred when the extract was incubated
at 55°C in the presence of mercaptoethanol. These results indicated that ChiA3 is not a
non-specific aggregate or a fortuitous result of several chitinases migrating together in the
12.5% gel.

Next, ChiA3 was isolated from the native gel and run on a SDS activity gel. Three
major chitinase activity bands along with two minor bands were detected (Fig.2.3, lane 1),
which represent a subset of the activity bands observed in the total leaf protein extract

(lane 2 and 3). This result indicates that ChiA3 is probably a protein complex consisting
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of several different chitinases. With regard to the total number of detected activity bands
on the SDS gel, it should be pointed out that the observed SDS activity gel pattern may
not necessarily account for all the chitinase molecules present in the extracted ChiA3 or
the unfractionated leaf protein extract, since some chitinase may not be able to renature
under the conditions used. On the other hand, it is highly unlikely that the appearance of
multiple activity bands was the result of proteolytic degradation, since protease inhibitors
were included in the extraction buffer and chitinases in general are resistant to protease
degradation (Collinge, 1993).

2.3.2 Partial Purification of ChiA3

To further ascertain that ChiA3 is a protein complex, we attempted to purify
ChiA3. Leaf extracts prepared from field-grown plants were concentrated by ammonium
sulfate precipitation and then a DEAE-Sepharose batch-wise elution step was carried out.
The main purpose for including this batch-wise elution step was to remove some sticky
materials present in the leaf extract which made the extract viscous. These sticky
materials would seriously affect protein resolution in subsequent fractionation steps if not
sufficiently removed.

Following the batch-wise elution step, the protein sample was fractionated on a
HiPrep Sephacryl S-200 HR column connected to a FPLC system. Fig. 2.4 shows the
elution profile. A chitinase activity peak appeared around fraction 100, whereas a large
portion of contaminant proteins were eluted near the end of the elution. The isoform
patterns of the chitinase-containing fractions were determined on native activity gels, and
the patterns of four fractions from the peak area (fractions 97, 99, 101, and 103) are

shown in the inset of Fig. 2.4 (lanes 1 through 4). The gel results revealed that all these
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Figure 2.2 The stability of ChiA3 after treatments at different conditions. Electrophoresis
of a diluted leaf extract incubated at 40 or 55°C in the presence or absence of additional
mercaptoethanol on a 20% native polyacrylamide gel. Each lane was loaded with 5 pg of
total protein. Lanes 1, untreated control; lanes 2 and 3, diluted extract incubated at 40°C
in the presence of 0 and 10 mM additional mercaptoethanol, respectively; lanes 4 and 5,
diluted extract incubated at 55°C in the presence of 0 and 10 mM additional
mercaptoethanol, respectively.

Pttt

Figure 2.3. Fractionation of isolated ChiA3 on a glycol chitin-containing SDS
polyacrylamide gel. Lane 1, extracted ChiA3; lanes 2 and 3, chitinase isoforms
(indicated by arrows) in crude protein extract.
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Figure 2.4 Elution profile from the Sephacryl S-200 HR FPLC. Column size, 2.6 cm x 60
cm; flow rate, 1 ml/min; elution buffer, 25 mM Tris-HCI (pH 8.5)/150 mM NaCl
containing 14 mM B-mercaptoethanol; fraction size, 1.5 ml. Absorbance at 280 nm,
continuous line; chitinase activity, solid triangle. Inset: Fractions from Sephacryl S-200
HR FPLC were analyzed on native activity gel. Equal volumes of each fraction were
loaded on each lane. Lanes 1 through 4 are fraction 97, 99, 101, 103, respectively.
fractions contained ChiA3 and an additional distinctive band, which migrated ahead of
ChiA3 in the gel. Since the protein sample obtained from the previous batch-wise elution
step contained predominately ChiA3 (see lane 1, Fig. 2.6A), the additional band must be
a related complex derived from ChiA3. This new complex was designated as ChiA3’.
Fractions from the peak area (fractions 97 to 102) of the Sephacryl S200 column
were pooled, and the pooled proteins were further fractionated on a Mono Q column with
a linear gradient of 0-0.5 M NaCl. Fig. 2.5 shows the elution profile. Again, the isoform
patterns of chitinase-containing fractions were analyzed on native activity gels. As
shown by gel patterns in the inset of Fig. 2.5, the amount of ChiA3 decreased as the salt

concentration increased until a salt concentration was reached where while only ChiA3’

was detected (lanes 1 through 4, Fig. 2.5 Inset picture).
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Fig. 2.5 Elution profile from the Mono Q FPLC. Column size, 5 mm x 50 mm; flow rate,
1 ml/min; elution with 0-0.5 M linear gradient of NaCl in total 60 ml of 25 mM Tris-HCl
(pH 8.5) containing 14 mM B-mercaptoethanol; fraction size, 1 ml. Continuous line
represent the A280 reading. Solid line with solid triangle represents chitinase activity.
Inset: Fractions from Mono Q FPLC was analyzed on acidic native gel. Equal volumes of
each fraction were loaded on each lane. Lane 1, fraction 35; lane 2, fraction 40; lane 3,
fraction 45; lane 4, fraction 50.

Fractions containing only ChiA3’ were pooled, and the proteins were examined
both on a native activity gel and a SDS activity gel. The native gel result showed that
ChiA3’ present in the pooled fraction from the Mono Q column appeared as a somewhat
diffused band (Fig. 2.6A, lane 3). In comparison, the same diffused band was also
observed with the pooled fraction from the Sephacryl S200 column, which, in addition,
contained a ChiA3 band (lane 2). On the other hand, as already pointed out, the sample
from the batch-wise elution step contained predominately ChiA3 (lane 1).

Fig. 2.6B shows the SDS activity gel pattern of the pooled fraction from the Mono
Q column (lane 3), together with the patterns from the pooled fraction from the Sephacryl

S200 column (lane 2) and from the batch-wise elusion step (lane 1). These patterns were

almost completely identical. The samples from the batch-wise elusion and Sephacryl
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S200 each contained five chitinase bands (bands 1 through 5 with increasing mobility),
whereas the sample from the Mono Q column contained the same five bands plus an
additional, relatively minor band, which had a higher electrophoretic mobility than the
other five bands on the SDS gel (band 6). This result further established the multi-
component nature of ChiA3/ChiA3’. The estimated molecular masses of chitinases
represented by bands 1 through 6 are approximately 49 kDa, 46 kDa, 41 kDa, 35 kDa, 22
kDa and 18 kDa, respectively.

The pooled fraction from Mono Q column was also fractionated on a native gel
and stained with silver staining to examine the degree of purity of the isolated protein
complex. As shown on Fig. 2.7 (panel A and B), the silver-stained Mono Q fraction
contained a diffused band similar to that in the activity gel. In addition, the R¢ values of
the defuse band in the silver staining gel and in the activity gel were almost identical,
0.714 and 0.711, respectively, suggesting that the two bands are corresponding to each
other. In addition, besides the major ChiA3’ band, only one minor band with slower
electrophoretic mobility than that of ChiA3’ was detected on the stained gel, indicating
that ChiA3’ was purified to near homogeneity.

2.3.3 Western Blot Analysis

The winter rye antifreeze protein complexes contain GLPs and TLPs in addition
to the presence of a chitinase. To determine whether ChiA3/ChiA3’ contains these PR
proteins, western blot analyses were carried out using antisera against a barley -1,3-
glucanase and a rice thaumatin. The results are shown in Fig. 2.8. With the anti-glucanase
antiserum, two hybridization bands were observed with a sample from the batch-wise

elution step (Fig. 2.8A, lane 1) and one band was observed with a sample
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Figure. 2.6 Chitinase isoform profile on acidic native gel (A) or SDS activity gel (B) after
each chromatography step. Same amount of chitinase, in terms of total chitinase activity,
was loaded in each lane. Lane 1, DEAE-cellulose batch-wise elution; lane 2, pooled
ChiA3-containing fractions after HiPrep Sephacryl S-200 FPLC; lane 3, pooled ChiA4-
containing fractions (F50-54) after Mono Q FPLC.
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A B
Figure 2.7 Examination of pooled fraction (F50-54) after Mono Q FPLC on native gel
stained by silver staining (A) or on native activity gel (B). Equal volume of pooled
fraction was loaded onto two separate lanes in the same gel. The gel was run under native
conditions. After electrophoresis, one lane was stained by silver staining; one lane was
used for detection of chitinase activity band.
from the pooled fraction from the Sephacryl S200 column (lane 2). However, no band
was observed with a sample from the pooled fraction from the Mono Q column. With the
anti-thaumatin antiserum, multiple bands were observed with the batch-wise elusion
sample (Fig. 2.8B, lane 1), one band with the Sephacryl S200 column sample (lane 2),

and, again, no band was observed with the sample from the Mono Q column (lane 3).

These results indicated that ChiA3/ChiA3’ may not contain a GLP or a TLP.
2.4 Discussion

The purification procedure for the strawberry chitinase complex consisted of three
consecutive chromatographic steps: a batch-wise elution step using a DEAE-Sepharose

column, fractionation on a Sephacryl S-200 HR column, and fractionation on a Mono Q
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A B
Figure 2.8 Western blot analyses of protein samples after each chromatography step.
Equal amounts of protein (5 pug) were loaded on each lane. Lane 1, protein sample after
DEAE-Sepharose batch-wise elution; lane 2, pooled ChiA3/ChiA4 containing fractions
after Sepharcryl S200 FPLC; lane 3, pooled ChiA4 containing fraction after Mono Q
FPLC. After SDS-PAGE, the gels were blotted and probed with anti-GLP antiserum (A),
and anti-TLP antiserum (B).
column. Analysis of samples from these three steps revealed that there was a change in
the acidic chitinase isoform pattern during the purification process. A new chitinase
activity band, ChiA3’, which had a higher electrophoretic mobility than ChiA3 on the
native gel, appeared after gel filtration chromatography (Fig. 2.6A). Since the protein
sample obtained from the previous step (batch-wise elusion) contained predominately
ChiA3 (Fig. 2.6A, lane 1), ChiA3’, then, must be derived from ChiA3. An explanation
for the appearance of ChiA3’ could be that ChiA3 lost one or more loosely bound protein
component(s) during the gel filtration step, which resulted in a change in the composition
of the protein complex. Another explanation could be that ChiA3 underwent structural
changes caused by repeated cycles of freeze-thaw of the protein samples, which occurred

when protein samples were stored at -20°C and thawed subsequently for the next

fractionation step. This explanation is in agreement with the finding of Stressmann et al.
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(2004) who observed that freeze-thaw cycles led to alterations of the secondary and
tertiary structures of the winter rye antifreeze protein complexes.

In addition, it should be pointed out that in the gel filtration step, ChiA3/ChiA3’
was eluted in fractions appearing between where the molecular weight markers bovine
serum albumin (molecular weight 66,000) and carbonic anhydrase (molecular weight
29,000) were eluted. This elution profile was in contradiction to the expected high
molecular weight of the protein complex. However, a similar observation was described
by Yu and Griffth (1999) on the winter rye antifreeze protein complexes. They found that
when these complexes were fractionated on either a Sephacryl 200 column or a Bio-Gel
P-100 column, all the complexes were eluted in fractions after where the 12-kDa
molecular weight marker was eluted. The reason for observed retardation in the migration
of the winter rye protein complexes as well as the strawberry complex in the gel media is
not known. It is possible that these complexes contain high amounts of carbohydrates
which could cause the retardation.

Analysis of the pooled fraction from Mono Q column on native gel revealed only
one chitinase activity band (ChiA3’). Yet when the same pooled fraction was resolved on
a SDS activity gel, at least five chitinase activity bands were detected (Fig 2.6). These
results indicated that ChiA3/ChiA3’ is indeed a protein complex that contains multiple
chitinase molecules. In addition, the ChiA3/ChiA3’ complex appears not to have any
TLPs or GLPs, based on western blot analysis results (Fig 2.8). These observed
characteristics of ChiA3/ChiA3’ demonstrated that this complex is structurally different
from the winter rye complexes which are composed of various combinations of a

chitinase, a TLP, two GLPs, and other unidentified proteins (Yu and Griffth, 1999).
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Hence, the strawberry complex may represent a new structural form of a complex-
carbohydrate degrading enzyme that has not been previously observed in higher
eukaryotes. At the least, the strawberry complex represents the second case of a
chitinase-containing protein complex in plant cells.

In terms of protein complex structures, it may be relevant to point out that certain
cellulolytic bacteria and fungi produce large multi-subunit protein complexes called
cellulosomes, which are involved in degrading cellulose (Lamed et al., 1983; Shoham et
al., 1999). Cellulosomes contain all the proteins and enzymes necessary for degrading
cellulose to glucose monomers. For example, the cellulosome from Clostridium
thermocellum strain YS contains 14 different polypeptide chains. A model for the
structure of this particular cellulosome has been proposed (Béguin and Lemaire, 1996).
According to this model, catalytic components of the cellulosome, which include
endoglucanases, cellulases, and B-glucosidases, are organized around a large noncatalytic
glycoprotein termed CipA. CipA acts both as a scaffolding and cellulose-binding factor.
Each catalytic component of the cellulosome contains a conserved, noncatalytic region
called the dockerin domain, which binds to a receptor domain on CipA, termed the
cohesion domain. It is possible that the ChiA3/ChiA3’ complex might have a structure
like that of a cellulosome, or a smaller and less complex version of it.

Interestingly, in addition to the cellulose degrading enzymes, a chitinase named
Chil8A was also identified in the C. thermocellum cellulosome (Bayer et al. 1998;
Zverlov et al., 2002). Chil8A was shown to consist of a catalytic domain and a
duplicated 24-amino acid dockerin domain at the C-terminus, with a molecular weight of

51,000. It is interesting to note that three of the chitinases contained in the ChiA3/ChiA3’

51



complex had a molecular weight between 40,000 and 50,000 (Fig. 2.6B). These values
are higher than the molecular weight of the majority of plant chitinases which fall in the
range of 24,000-35,000. It is intriguing to think that the high molecular weight of
ChiA3/ChiA3’ chitinases might be due to the presence of additional domains such as a
dockerin domain.

The biological functions of the multi-chitinase protein complex in strawberry
remain unknown at the present time. However, since chitinases are generally believed to
take part in plant defense against pathogen infection via their hydrolytic activity, it is
logical to assume that this complex also has such a role. In fact, when strawberry plants
were infected with Colletotrichum fragariae or Colletotrichum acutatum, two important
strawberry fungal pathogens, the level of ChiA3 was indeed increased by several fold
(Khan, 2002). A study by Brunner et al. (1998) demonstrated that chitinases of different
classes had differential hydrolytic activity toward different substrates, including chitin,
chitosan (partially deacetylated chitin), and chitin oligomers of different length.
Therefore, the assembly of several chitinases into one complex could have a synergistic
effect on the hydrolysis of chitin, and as a consequence, repress the spread of pathogens
more effectively. In the case of the cellulosome, synergistic effects on insoluble cellulose
degradation were observed between three cellulosomal glucanases from Clostridium
cellulovorans (Murashima et al., 2002).

In future studies, it would be intriguing to identify and characterize the chitinase
constituents as well as other possible components in the strawberry chitinase complex.

This could bring some insight into the structural organization and the possible biological
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functions of this complex. Also, it would be tempting to speculate on the existence of

such a complex in other plant species.
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CHAPTER 3

ISOLATION OF AN OSMOTIN-LIKE PROTEIN GENE FROM
STRAWBERRY AND ANALYSIS OF THE RESPONSE OF THIS
GENE TO ABIOTIC STRESSES*

3.1 Introduction

Plants respond to pathogen invasions or severe environmental stresses by the
activation of several different mechanisms. One of the most important mechanisms is the
accumulation of pathogenesis-related (PR) proteins. Osmotin and osmotin-like proteins
(OLPs) belong to the thaumatin-like protein (TLP) or PR-5 family (van Loon, 1999).
Osmotin was originally identified as the predominant protein accumulated in NaCl-
adapted tobacco cell cultures (Singh et al., 1985). Many studies have demonstrated that
the expression of OLPs can be activated by microbial infections and by a variety of
abiotic stress factors (reviewed in Velazhahan et al., 1999).

Although the biological functions of OLPs have not yet been fully established,
some have been shown to act as antifungal proteins in vitro. For example, tobacco
osmotin was reported to cause spore lysis and growth inhibition of Phytophthora
infestans (Abad et al., 1996). Grape osmotin exhibited inhibition of the hyphal growth of
Botrytis cinerea (Salzman et al., 1998). Moreover, studies have demonstrated that over-
expression of PR-5 proteins in transgenic plants conferred enhanced resistance to
pathogens (reviewed in Velazhahan et al., 1999; Velazhahan and Muthukrishnan 2003).
However, the molecular mechanism that accounts for the antifungal activity of PR-5

proteins is still not clear. A mechanism involving membrane permeabilization was

*Part of this chapter reprinted by permission of Journal of Plant Physiology
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proposed by Abad et al. (1996). Another study conducted by Yun et al. (1998)
demonstrated that osmotin could subvert target cell signal transduction pathway to
increase its cytotoxic efficacy. A more recent study showed that tobacco osmotin induced
apoptosis in Saccharomyces cerevisiae, which was correlated with intracellular
accumulation of reactive oxygen species and was mediated via the RAS2/cAMP pathway
(Narasimhan et al., 2001).

In addition to their antifungal activities, OLPs have also been indicated in other
developmental and physiological functions, including roles in flower formation and fruit
ripening (Neale et al., 1990; Salzman et al., 1998), protections against osmotic stress
(Zhu et al., 1995a) and antifreeze activities (Hon et al. 1995).

Strawberry is a member of the Rosaceae family, which is a large plant family
with approximately 3,000 species grouped into approximately 100 genera (Baumgardt,
1982). This plant family also includes, for example, roses, peaches, blueberries, pears and
raspberries. Thus far, relatively few studies have been reported on PR protein genes or
PR proteins of the Rosaceae family members. No studies have been reported on the
expression of any PR genes in response to any abiotic stresses in strawberry plants. In
fact, to our knowledge, only two reports have been published thus far on the effect of
abiotic stresses on PR genes in the Rosaceae family -- one on a TLP gene in apple plants
and the other on two TLPs gene and one chitinase gene in peach plants (Ruperti et al.,
2002; Kim et al., 2003). In a previous study conducted by Dr. Shih’s laboratory, the first
OLP gene was isolated from strawberry (Wu et al. 2001). Here, I report the cloning and
characterization of a second strawberry OLP gene. Moreover, I report the response of this

OLP gene to abscisic acid (ABA) and salicylic acid (SA), which are the signal molecules
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implicated in plant response to osmotic-related stresses and pathogenic invasion,
respectively (Skriver and Mundy, 1990; Gaftney et al., 1993). The expression of this
OLP upon mechanical wounding was also investigated, since wounding is a common

damage occurring to plants as a result of abiotic or biotic stresses.

3.2 Materials and Methods

3.2.1 Plant Materials

Dormant strawberry (Fragaria ananassa Duchesne) plantlets were purchased
from Nourse farms (Deerfield, MA). The plantlets were planted into 9 cm® containers
(Kord, Ontario, Canada) that contained a soil mix [bark, peat moss, and perlite (7:2:1,
v/v/v)] mixed with dolomitic lime (4.7 kg m™). Approximately 5 g of Osmocote-plus
fertilizer (15-9-12; Scotts-Sierra, Marysville, OH) was spread on top of each container.
The plants were grown in Percival growth chambers (Percival Scientific, Boone, IO,
USA, Model AR-60L) at 26/18°C (day/night) and an 11-h photoperiod. General Electric
(T32T8SP41) lamps were used delivering irradiance of 8 W m. The relative humidity
was kept at 60% to 70%. The plants were watered with distilled water approximately
every other day. For abiotic stress study, the plants were treated with abiotic stimuli
about 10-14 days after planting. For analysis of gene expression in different organs,
samples were collected from leaves, roots and crowns of strawberry plants one month
after planting. In addition, samples were collected from green fruits of plants 5 month
after planting and from ripe red fruits about two week later.
3.2.2 Isolation of Genomic DNA and Total RNA

Total nucleic acids were extracted from various strawberry organs according to

the method described by Manning (1991). Organs were ground in liquid nitrogen into
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very fine powders using a chilled mortar and pestle. Approximately 100 mg of the ground
organs was transferred with a chilled spatula to a 2 mL microcentrifuge tube containing
0.7 mL of extraction buffer (0.2 M boric acid, 10 mM Na2EDTA, pH 7.6, 0.5% SDS, and
280 mM B-mercaptoethanol [SDS and B-mercaptoethanol were added to the extraction
buffer immediately before use]). To this mixture, 0.7 mL of phenol:chloroform:isoamyl
alcohol (24:4:1) equilibrated with extraction buffer without SDS and B-mercaptoethanol
was added. The mixture was shaken vigorously for 5 min and centrifuged in a
microcentrifuge at maximum speed (15,000 g) for 5 min. The aqueous phase was
withdrawn and distributed into two 2 mL tubes, 275 pL each. Two volumes, 550 uL, of
RNase-free water was added to each tube and the Na+ concentration was raised to 80
mM by adding 72 pL of 1 M Na-acetate, pH 4.5. This mixture was mixed briefly and 0.4
volume, 359 puL, of 2-butoxyethanol (2-BE) was added and mixed thoroughly by
inversion (4-6 times). Carbohydrates were removed by incubating the solution on ice for
30 min followed by centrifugation at 15,000 g for 5 min. The supernatant was transferred
to a new tube and 538 uL of 2-BE was added. The mixtures were mixed thoroughly by
inversion (4-6 times) and incubated on ice for 30 min to precipitate total nucleic acids.
Nucleic acids were pelleted by centrifugation at 15,000 g in a microcentrifuge for 10 min.
The pellet was washed successively once with 1:1 of cold extraction buffer (without SDS
and B-mercaptoethanol):2-BE, once with 75% ethanol containing 0.1 M KCl, and once
with absolute ethanol. The total nucleic acid pellet was dried for approximately 5 min.
For genomic DNA preparation, the pellet was dissolved in 20 pL of sterile water.
RNA was removed from the total nucleic acid sample by treating with RNase A at a final

concentration of 0.1 mg/mL, at 37°C for 2 h. The DNA was subsequently extracted once
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with phenol:chloroform:IAA and once with chloroform:IAA. The DNA was precipitated
and dissolved in distilled-deionized water (ddH,O) and analyzed on a 1% agarose gel.

For total RNA isolation, the pellet was dissolved in RNA-Secure (Ambion, Austin,
TX) and incubated at 60°C for 10 min to inactivate any contaminating RNases. The RNA
samples were then purified with RNeasy kit (QIAGEN, Valencia, CA), and treated with
DNase I by using the DNA-free kit (Ambion) following the manufacturer’s instructions.
3.2.3 Cloning of the Osmotin-Like Protein Gene

According to the sequences of two conserved regions of OLPs, a set of degenerate
primers was designed and synthesized (primer set 1, Table 1). Polymerase chain reaction
(PCR) was performed in a 25 pL reaction mixture containing 20 ng of strawberry leaf
DNA, 400 uM of each ANTP, 3 mM of MgCl,, 400 nM of each primer, 1 x PCR buffer,
and 5 units of Taq DNA polymerase (Promega, Madison, WI). A touchdown PCR
program as following was used: 3 min at 94°C, 10 cycles with 1 min at 94°C, 1 min at 60
°C (decreasing 1 °C/cycle), 1 min at 72°C, followed by 30 cycles with similar parameters
except that the annealing temperature was kept constant at 50°C, followed by a final step
of 10 min at 72°C. A 380-bp DNA fragment was obtained and cloned into pPGEM T-Easy
vector (Promega) and sequenced. Nucleotide sequence analysis was performed by the
Gene and Probe Laboratory of the School of Veterinary Medicine, Louisiana State
University.

Based on the sequence of the 380-bp fragment, nucleotide sequences from both
the upstream and downstream regions of the 380-bp fragment were obtained by applying
a genomic walking procedure using the Universal Genome Walker kit (Clontech, Palo

Alto, CA). These additional sequences allowed the design of a final set of primers
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(primer set 2, Table 1), which allowed the amplification of a DNA fragment containing
the complete coding region of an OLP gene. The amplification conditions were the same
as described above for obtaining the 380-bp fragment. The amplification product,
designated FaOLP2, was then cloned into pGEM T-Easy vector. The recombinant
plasmid was designated as pFaOLP2. Both DNA strands of the insert were sequenced.
3.2.4 Sequence Analysis

Potential signal peptide cleavage site was identified using SignalP 3.0 (Bendtsen
et al., 2004). Various transcription regulatory elements were identified using the PLACE
database (Higo et al. 1999).
3.2.5 Genomic DNA Hybridization Analysis

Strawberry leaf DNA (approximately 15 pg) was digested with ECORI, ECORV, or
Ncol, and the digested samples were subjected to electrophoresis on a 0.8% agarose gel.
The separated DNA fragments were transferred to a Zeta-probe-GT nylon membrane
(BioRad, Hercules, CA) by downward capillary alkaline transfer. The DNA fragments
were cross-linked to the membrane by UV-irradiation and pre-hybridized with DIG Easy
Hyb solution (0.1 mL/cm” of membrane; Roche Applied Science, Indianapolis, IN)
containing 200 pg of fragmented salmon sperm DNA for 1 h at 45°C. Hybridization with
a DIG-labeled probe was carried out at 45°C overnight. The blot was washed twice with
low stringency wash buffer (2 x SSC, 0.1% SDS) for 5 min each at room temperature,
and twice with high stringency buffer (0.1 x SSC, 0.1% SDS) for 30 min each at 65°C.
The FaOLP2 was detected by using the DIG High Prime DNA Labeling and Detection

Starter Kit I (Roche Applied Science) following the manufacturer’s protocol.
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The DNA probe was labeled with digoxigenin-11-dUTP by random priming,
using the DIG High Prime DNA Labeling and Detection Starter Kit I according to the
manufacturer’s recommendations. The DNA probe for the random priming reaction was
synthesized using PCR with primer set 3 (Table 1) and pFaOLP2 as the template. The
resulting PCR product spans the first 196 bp of FaOLP2.

3.2.6 Hormone Treatments and Mechanical Wounding

For ABA and SA treatments, plants were sprayed to run-off, respectively, with
100 uM ABA and 5 mM SA (Sigma, St Louis, MO), both of which were dissolved in
0.01% (v/v) Tween 20. Control plants were sprayed with 0.01% (v/v) Tween 20. For the
mechanical wounding treatment, all the fully extended leaves were punctured 6 times
along the midvein using a sterile needle (22 G x 1 in, PrecisionGlide needle, Becton
Dickinson, Rutherford, NJ). Three plants of each treatment were collected at 2, 6, 12, 24,
48 and 72 h post-treatment. RNA samples were immediately extracted and stored at
-80°C. The experiment was repeated once.

3.2.7 Relative Quantification by Real-Time PCR

The expression levels of FAOLP2 in different strawberry organs as well as in leaf
samples collected at different time points post-abiotic treatments were determined by
real-time PCR using a Perkin-Elmer 7000 thermal cycler. Strawberry glyceradehyde-3-
phosphate dehydrogenase gene (FAGAPDHZ2) (Khan and Shih 2004), a housekeeping
gene, was used as the reference gene. The primers and TagMan MGB probes for
FaGAPDH2 and FaOLP2 were designed using the Sequence Detection System software,

and are shown as primer sets 4 and 5 in Table 1, respectively. The primers were
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synthesized by the Gene and Probe Laboratory. The probes were obtained from Applied
Biosystems (Foster City, CA).

Using one-step RT-PCR master mix reagents (Applied Biosystems), 50 pL
reaction mixtures were set up in a 96-well plate. For FaGAPDH2, the primers were used
at a final concentration of 500 nM, and the TagMan MGB probe was used at a final
concentration of 250 nM. For FaOLP2, the primers were used at a final concentration of
900 nM, and the TagMan MGB probe was used at a final concentration of 50 nM. For
each plant sample, 100 ng of total RNA was analyzed for each gene, and the two genes
(FaGAPDH2 and FaOLP2) were always analyzed simultaneously. Each sample was run
in triplicate. The thermal cycler conditions recommended by the manufacturer were used
with first stage at 48°C for 30 min for reverse transcription, second stage at 95°C for 10
min, and third stage (40 cycles) at 95°C for 15 s followed by 60°C for 1 min.

The comparative Cr method was used in the quantification analysis, which
mathematically transforms the threshold cycle (Cr) into the relative expression level of
genes (Perkin-Elmer User Bulletin 2). When comparing the expression of FaOLP2 in
different strawberry organs, the relative quantification of the expression of FAOLP2 was
achieved by calibrating its expression level to that of the reference gene, FaGAPDH?2,
which was arbitrarily set as 1. When analyzing the expression of FaOLP2 at different
time points post-abiotic treatments, the expression levels of FAOLP2 in treated plants

were compared with those of the control plants to obtain the induction level of FaOLP2.
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Table 3.1 List of primers and TagMan probes used in different experiments

1 Forward TGY CAR ACN GGN GAY TGY GG

Reverse AAN GTN SWN GTN GGR TCR TC

2 Forward CAC AAA CTC ACT CAT AAT CTT AGG

Reverse GCT CCC AAG AACTCA AACTGC AATTT

3 Forward ATG AGC ATC CAC AAAAGCTTCT

Reverse TGC CCG CATTCA CGT CTA G

4 Forward CAG ACT TGA GAA GAA GGC CAC CTA

Reverse GAT ACC CTT CAT CTT TCC CTC AGA

Probe ATC AAG GCT GCT ATC AAG

5 Forward CGG CGG CAG ACA GCTTAA

Reverse TGC CCG CAT TCA CGT CTA G

Probe CAG GGA GAA TCT TGG

3.3 Results

3.3.1 Cloning and Sequence Analysis of FaOLP2

A strawberry gene encoding an OLP, designated FaOLP2, was isolated using a
PCR-based, genome walking procedure. The sequence data of FAOLP2 have been
deposited in GenBank under accession number DQ325524. As shown in Fig 3.1,
FaOLP2 is 1442 bp in length, and it has an open reading frame (ORF) of 690 nucleotides
with a 658-nucleotide upstream sequence and a 94-nucleotide downstream sequence.
Sequence comparison showed that FAOLP2 and FAOLP1 share no significant homology

in the 57 and 3’ flanking region.
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1 CACAAACTCACTCATAATCTTAGGCCAACATGCAATTGTCATATGATCGATGGTCCAAAT
61 ATATATGGTTGTCGTATATATAAACTCTTATAGCTATGTTGGCTTTTACTGCTAACCTCA
121 AATACTTGCAGCTAATAACATTTACCGTGCAGCCTTGGTGGAGAAAATATTAAGAGTTCA
181 ACCTAACGTGAAGAGGCTCTATCTTCTTTTGAGAGCTCCTGATGCCAACTATATGGTAGA
241 ATCGCCAACAAGCCAGTAGAATGATAAACATATATAAAAAAGAATATCCTAGCTATTTTC
301 CTCCAGATGCCATGGACATGAACTGCAATTTACGTTATACTGACAATTTCATTGAGACTA
361 TTCTTCAACGTGAACCGGACGACATTCACTTCCCCACAACTTCTTCCACTAATTACGCAC
421 TAATTATTTCTGGAAACCGTCCAATCTTATTGTCTTTGTGGAAAATGAACATATGGAAAT
481 TTCCAGGAGTTAAGAAAGAGATGTCATAGCGATCGGGAAGACGAAAATGTCGAATTTTTT
541 TGCATGCTTGTGTCTTGTATTGTTATGCCCAATAGCTTATTTTGCTACCCTATATAAACT
601 CATCAAATTCCTCAGAATTCAAGACACAATCACACATCGAAACCAATATTTTCACAAAAT
M 1
661 GAGCATCCACAAAAGCTTCTCAGTTTTGTCCATCCTATGGATCACCGCCCTTTGCTTTGC
S 1 HK SF SV L SI1 LW 1 TALTCFA 21
721 TCCATCAACCATCAGTGCAGCACGATTCGATATCCGAAACAACTGCCCCTTCCCTGTCTG
P S TI1 SAARUFDIRNNTCUPFZPV W 4
781 GGCCGCCGCAGTGCCAGGCGGCGGCAGACAGCTTAACCAGGGAGAATCTTGGCCCCTAGA
AAA AV PG GGRQLNOQGE S WP L D 61
841 CGTGAATGCGGGCACTACAGGTGGTCGCGTGTGGGCACGAACCGGATGCAACTTTGATGC
vV NAGTT G GRVWARTGT CNFDA 81
901 TTCCGGACATGGCAGCTGTCAGACCGGTGACTGCGGCGGCCTCCTTGAGTGCCAAGCCTA
S G H G S CQTGDT CGSGULLET CZO QAY 101
961 CGGTCAACCACCAAACACCCTAGCCGAATACGGGCTTAACCAGTTCAACAATTTGGATTT
G Q PP NTULAEYGLNW QFNNILDF 121
1021 CATCGACATCTCTCTCGTTGACGGGTTCAATGTGGCTATGGACTTTAGTCCTACTTCTCC
I bl S LVDGFNVAMDFSUPT S P 141
1081 TTGCGACCGTGGGATTCAGTGCACGGCGGATATCAACGGGCAGTGCCCTAATGAGCTGAA
c bR GI Q CTADI NGQCPNEL K 161
1141 AGCCCCGGGTGGCTGTAACAATCCCTGTACCGTGTACAAGACTGATGAGTACTGCTGCAA
AP G G CNNZPCTVY KTUDEYCCN 181
1201 TTCTGGGAGCTGTCAACCCACGGATTTGTCTAGGTTTTTCAAGCAGCTGTGCCCGGATGC
s 6 s QP TDWLSRFFKQL CUPDA 20
1261 TTACAGTTACCCTAAGGATGATACAACCAGCACTGTGGTTTTTACTTGCCCCGGCGGGAC
Y S Yy pPKODODTTSTVV FTICWZPSGGT 221
1321 TAACTATAGGGTTGTGTTCTGCCCATAGATCTTCGCTATATATAGGTAGTAAAATTACAA
N Y RV V F C P * 229
1381 CAATAACTAAGAACAAGATGTTTGGGATCGAATAATAAATTGCAGTTTGAGTTCTTGGGA
1441 GC

Fig. 3.1. Nucleotide sequence and deduced amino acid sequence of FAOLP2. Numbers on
the left represent nucleotide positions. Numbers on the right represent amino acid
positions. Transcriptional regulatory signals are underlined. Stress-related cis-elements
are double underlined. The predicted N-terminal signal sequence is shown by bold letters.
The ORF of FaOLP2 starts at nucleotide position 659 and ends at position 1348.
Computational analysis revealed three potential TATA box sequences within the

upstream region of FAOLP2, at positions 77, 271, and 591. Another conserved eukaryotic

promoter element, the CAAT box, was also observed at positions 33, 326, 344, 442, 570,
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627 and 644. A canonical plant polyadenylation signal, AATAAT, was present at
position 1411.

Several stress-related cis-elements were also identified in the 5’ upstream region
of FAaOLP2. One MY B-like recognition site (WAACCA, position 640) and four MY C-
like recognition sites (CANNTG, positions 33, 40, 304 and 470) were identified. Protein
members of both MYB and MYC families have been shown to play important roles in the
plant’s response to pathogens, low temperatures and dehydration. In Arabidopsis, both
the AtMYB2 and AtMYC2 proteins function as transcription activators in ABA signaling
(Abe et al., 2003). A T/G-box motif (AACGTG) was observed at positions 185 and 367,
which is involved in induction of genes by jasmonates (Boter et al., 2004). Jasmonates
are well-known regulators of plant defense responses to wounding. A gibberellin-
responsive element (TAACGTA) was identified at position 331 in reverse direction;
gibberellin regulates plant growth and development (Sutoh and Yamauchi 2003).

The coding region of FAOLP2 contains no intron. It encodes a precursor protein
of 229 amino acid residues with a predicted signal peptide of 27 amino acid residues at
the N-terminus. The calculated molecular mass of the mature protein is approximately
21.6 kDa with a predicated isoelectric point of 4.24.

A GenBank Blastp search revealed that FaOLP2 shares 71% identity and 81%
similarity with FAOLP1 (AAF13707). However, FaOLP2 has the highest sequence
homology to the soybean PR-5 protein p21 (P25096) with 78% identity and 84%
similarity. It also shares a high degree of homology with tobacco osmotin (P14170) (62%
identity and 77% similarity), tobacco PR-5d protein (2981950) (62% identity and 75%

similarity) and maize zeamatin (P33679) (65% identity and 74% similarity). Fig. 3.2
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shows a sequence alignment of FaOLP2, FaOLP1, zeamatin, PR-5d and osmotin. The
five amino acid residues reported to be crucial to the antifungal activity of the latter three
proteins are also conserved in both FaOLP2 and FaOLPI, as indicated by arrows in Fig.
3.2. In contrast, FaAOLP2 shares lower degrees of homology to known PR-5 proteins of
other rose family members. For example, the homology scores are 39% identity and 51%
similarity for a peach TLP (AAMO00216; Ruperti et al., 2002), and 38% identity and 49%
similarity for a sweet cherry TLP (AAB38064; Fils-Lycaon et al., 1996).
3.3.2 DNA Hybridization Analysis of FaOLP2 Gene

The copy number of FAOLP2 gene was examined using genomic DNA
hybridization analysis. Fig. 3.3 shows the hybridization patterns of strawberry DNA
digested with three different restriction enzymes. Multiple hybridization bands were
observed with each digest, indicating that a multi-gene family encodes FaOLP2 or related
proteins. The complete absence of any hybridization band in the negative control (lane 5)
demonstrated the specificity of the probe toward the intended gene
3.3.3 Differential Expressions of FaOLP2 in Different Strawberry Organs

The expression patterns of FAOLP2 in different strawberry organs were examined
using real-time PCR analysis. From the results shown in Fig. 3.4, it is clear that FaOLP2
is constitutively expressed in leaves, roots, crowns, green fruits and ripe red fruits.
Among these organs, relatively higher levels of FaROLP2 mRNA were observed in
crowns and leaves. A moderate level of FAOLP2 mRNA was observed in roots. In
contrast, the expression of FAOLP2 was barely detectable in green fruits; however, its

expression increased approximately 2 fold in ripe red fruits.
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Fig. 3.2. Alignment of FaOLP2 with strawberry FaOLP1 (AAF13707), maize zeamatin
(P33679), tobacco osmotin (P14170), and tobacco PR-5d (2981950). Amino acid
residues that are identical in all five sequences are shaded in dark, while well-conserved
residues are shaded in gray. The arrows indicate amino acid residues contained in the
acidic cleft of zeamatin, osmotin and PR-5d.
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Fig. 3.3. DNA hybridization analysis of FaOLP2. Lanes 1-3 show restriction digests of
genomic DNA with Ncol, EcoRI, and ECORYV, respectively. Lane 4 shows 100 pg of
FaOLP2 PCR product as the positive control. Lane 5 shows 100 pg of the PCR product

from FaChi2-1 (a strawberry chitinase gene) as the negative control. Molecular weight
markers are shown on the left.
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Fig. 3.4. Relative quantities of FAOLP2 mRNA in different strawberry organs. Each
organ sample was individually assayed in triplicate. Values shown represent the mean
reading from three plants and the error bars indicate the standard errors of the means.
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3.3.4 Effects of ABA, SA and Mechanical Wounding on Expression of FaOLP2

To study the response of FAOLP2 to abiotic stresses, strawberry plants were
treated with three different abiotic stimuli. The expression patterns of FaOLP2 at
different time points after treatments were analyzed using real-time PCR. Fig. 3.5A
shows the induction pattern of FAOLP2 by ABA treatment at various time points as
compared to control plants in the first induction experiment. It appeared that FaOLP2
was down-regulated by ABA at the early stage after treatment. At 2 h post-treatment, the
expression of the gene was only 0.27-fold of the background level. The expression level
quickly increased to 8.77-fold at 6 h, and maintained at approximately the same level
(7.95-fold) at 12 h. However, FaOLP2 expression decreased rapidly after the 12 h time
point, 3.57-fold at 24 h and lower than the background level at 48 and 72 h (0.64-fold and
0.19-fold, respectively). In the second trial, FaOLP2 exhibited a slower response to ABA
(Fig 3.5B). The gene was slightly induced at 6 h, only 1.7-fold higher than the control
plants. The expression level then steadily increased, 4.07-fold at 12 h, and peaked at 24 h
with 9.63-fold induction. The expression of FAOLP2 was kept at a similar level at 48 h
(8.15-fold), and decreased to 1.62-fold at 72 h post-ABA treatment.

Fig. 3.6A shows the accumulation of FAOLP2 mRNA in response to SA.
Exogenous application of SA appeared to cause a rapid induction of FaOLP2 gene to
5.61-fold at 2 h post-treatment. The expression level then decreased to 2.47-fold at 6 h,
and remained at that level until 12 h (2.19-fold). The expression of FaOLP2 increased
again to 11.14-fold at 24 h and peaked at 48 h (30.53-fold). After that, the expression

level decreased, yet still 15.12-fold higher than the background level at 72 h after ABA
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Figure 3.5 Relative quantities of FAOLP2 mRNA at various time points post-ABA
treatment. Each plant was individually assayed in triplicate. Values shown represent the
mean reading from three treated plants and the error bars indicate the standard errors of
the means. Panel A, data from the first trial; panel B, data from the second trial.
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treatment. In the second trial (Fig 3.6B), FaOLP2 was still induced within 2 h, although
to a lower level (2.58-fold) than that in the first trial. The expression of this gene then
decreased to background level at 6 h, but increased again to 9.25-fold at 12 h and
remained at that level through 24 h. The expression level continued to increase and
peaked at 48 h, 32.34-fold higher than the background level. At 72 h, FaOLP2 was still
induced by 20.1-fold.

The expression pattern of FaOLP2 upon mechanical wounding in the first trial is
shown in Fig. 3.7A. It appeared that wounding triggered the response of FaOLP2 at a
very early stage. A significant induction (5.25-fold) of FAOLP2 was observed at 2 h post-
treatment. The expression level continued to increase till the 12 h time point, 6.08-fold at
6 h and 8.83-fold at 12 h. The expression of the gene then decreased steadily, 4.36-fold at
24 h, 3.77-fold at 48 h, and 2.13-fold at 72 h. In the second trial (Fig 3.7B), the induction
of FAOLP2 by wounding within the first 2 h was even more significant, which was 8.26-
fold. However, the expression quickly reduced to background level at 6 h and remained at
the same level through 12 h. The expression of FAOLP2 was then increased again, 3.17-
fold at 24 h, 4.21-fold at 48 h, and back to the baseline level at 72 h.

Overall, all of the three tested abiotic stresses appeared to be able to trigger a
significant accumulation of FAOLP2 mRNA within 6 h post-treatment. Moreover,
FaOLP2 was more prominently induced by SA (approximately 30-32 fold) than by ABA

or mechanical wounding (approximately 8-9 fold).
3.4 Discussion

In the present chapter, a PCR-based genome walking procedure was used to

isolate a strawberry OLP gene, designated FaOLP2. Like other PR-5 protein genes,
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Figure 3.6 Relative quantities of FAOLP2 mRNA at various time points post-SA
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Figure 3.7 Relative quantities of FAOLP2 mRNA at various time points post-wounding
treatment. Each plant was individually assayed in triplicate. Values shown represent the
mean reading from three treated plants and the error bars indicate the standard errors of
the means. Panel A, data from the first trial; panel B, data from the second trial.
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FaOLP2 contains no intron. The only exception so far is a pistil-specific TLP gene from
Japanese pear whose coding region is interrupted by an intron of 351 bp (Sassa et al.,
2002). FaOLP2 would encode a mature protein of 21.6 kDa with a pI of 4.24, and it
contains a signal sequence at the amino-terminus. Therefore, like most acidic TLPs,
FaOLP2 would be secreted to the extracellular space.

The deduced amino acid sequence of FaOLP2 shares high degree of homology
with many other PR-5 proteins, including zeamatin, tobacco PR-5d and osmotin. The
crystal structures of the latter three proteins have been determined, all revealing the
presence of a similar acidic cleft that is crucial to their antifungal activities (Batalia et al.,
1996; Koiwa et al., 1999; Min et al., 2004). In comparison to the sequences of these three
PR-5 proteins, the four amino acid residues forming the acidic cleft -- a Glu residue and
three Asp residues -- are well conserved in FaOLP2 (Fig. 3.2). Moreover, FaOLP2 also
has the sixteen cysteine residues, which form eight disulfide bonds, at locations similar to
those of other TLPs. These observations suggest that FAOLP2 may also possess
antifungal activity. Indeed, synthesis of another strawberry OLP, FaOLP1, was found to
be induced when the strawberry plants were inoculated with either of the two fungal
pathogens, Colletotrichum fragariae or Colletotrichum acutatum (discussed in the
following chapter).

Multiple hybridization bands were observed in the genomic DNA blot of FaOLP2
(Fig 3.3), indicating that FaOLPZ2 is present as a multi-gene family consisting of similar
or related genes in the strawberry genome. This observation is in agreement with that of
FaOLP1 as well as PR-5 protein genes from several other plant species such as tomato

and Solanum nigrum (King et al., 1988; Wu et al., 2001; Campos et al., 2002). In contrast,
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some PR-5 genes have been shown to be single-copy genes. For example, two PR-5
genes from Arabidopsis and the OLP gene from Benincasa hispida belong to this
category (Capelli et al., 1997; Hu and Reddy 1997; Shih et al., 2001).

The level of constitutive expression of FAOLP2 appeared to be different among
different strawberry organs (Fig 3.4). Higher levels of FaOLP2 transcripts were detected
in crowns and leaves, while relatively lower level was detected in roots. This is in
contrast to the usually high levels of expression of PR-5 protein genes in the roots of
other plant species presumably due to constant exposure to soil-associated microbes
(Dudler et al., 1994). However, since the strawberry plants were grown in the growth
chamber, it is possible that the lower expression of FAOLP2 in the roots is due to fewer
microbes present in the growth-chamber soil than in the open field soil. On the other hand,
from the stages of green fruits to ripe red fruits, the level of FAOLP2 transcripts increased
approximately 2-fold. Although the expression levels in green and ripe red fruits were
relatively low, this increase still suggests that the expression of FAOLP2 could be
developmentally regulated in strawberry fruits. In fact, the accumulation of OLPs has
been observed during the fruit ripening of bananas (Clendennen and May, 1997), cherries
(Fils-Lycaon et al., 1996), and grapes (Salzman et al., 1998).

Plant OLPs are implicated in plant response to pathogen attacks and adverse
environmental stresses. In the present study, I demonstrated that FaOLP2 was regulated
by the signal molecules abscisic acid and salicylic acid at the transcriptional level. It is
well known that ABA modulates gene expression under osmotic-related stresses such as
freezing, drought, and high salt (Skriver and Mundy, 1990). The exogenous application

of ABA triggered an early and significant induction of FAOLP2 in both experiments. The
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induction was observed within 6 h and reached as high as 8-9 fold (Fig. 3.5). This
significant enhancement of FaOLP2 expression in strawberry leaves upon ABA
treatment, together with the identification of homologous MYB/MY C recognition sites in
the promoter region of FAaOLP2, suggests that FaOLP2 could be involved in strawberry’s
response to osmotic stresses. In fact, in the study conducted by LaRosa et al. (1992),
accumulation of tobacco osmotin mRNA was induced by ABA as well as NaCl and water
deficit. Moreover, transgenic potato plants carrying the GUS reporter gene fused to the
promoter regions of potato OLPs showed enhanced GUS expression in response to ABA
and NaCl (Zhu et al., 1995b).

Salicylic acid has been demonstrated to serve as an important signal molecule in
plants’ local response to pathogens and also in the development of systemic acquired
resistance (SAR) (Gaftney et al., 1993). A number of PR protein families involved in
SAR have been identified in Arabidopsis and tobacco, which include PR-1, PR-2 and PR-
5 family members (Uknes et al., 1992; Ward et al., 1991). In our study, exogenous SA
greatly induced the expression of FAaOLP2 (Fig. 3.6). In both experiments, the induction
level reached to 9-11 fold within 24 h, and continued to increase until 48 h to
approximately 30-fold. Although the expression of the gene decreased afterward, at 72 h
after treatment, it was still at a considerably higher level than the background level. In
apple plants, a TLP gene, MdTL1a, was also shown to be induced by SA (Kim et al.,
2003). The high induction of FAOLP2 by SA is comparable to the study conducted by
Uknes et al (1992) in which the induction of an Arabidopsis PR-5 gene was greater than
20-fold within one day after SA treatment. These observations indicate that FaOLP2

could be an active member in SAR as well as in plant defense against local pathogen

75



attack. In future studies, it will be interesting to investigate if FAOLPZ2 is induced both
locally and systemically upon pathogen invasion.

The induction of FAaOLP2 by mechanical wounding should not be very surprising,
since a homologue of a jasmonate-responsive element was identified in the 5 upstream
region of FAaOLP2 (Fig. 3.1). Wounding not only physically damages plant tissues, but
also provides potential infection sites for pathogens. Therefore, in order to build a barrier
against opportunistic microorganisms, defense related genes are expected to be expressed
at the wounding site. The induction of PR genes by wounding has been demonstrated in
many studies (e.g. Wu and Bradford, 2003; Hong et al., 2004). The induction of FaOLP2
by wounding was very early and significant; at only 2 h after wounding, the FaOLP2
expression increased by 5.25-fold in the first trial and by 8.26-fold in the second trial (Fig.
3.7). The early induction of FAOLP2 by wounding is different from the TLP genes
reported in the other two members of the Rosaceae family, peaches and apples (Ruperti
et al., 2002; Kim et al., 2003). In peach plants, a TLP gene, PpAz8, was shown first to be
down regulated and then underwent a continuous accumulation from 12-48 h after
wounding, while a second TLP gene, PpAz44, was not significantly induced until 48 h
after wounding. On the other hand, the TLP gene from apple plants, MdTL1a, was not
induced by wounding within the time period tested (i.e., 3 h after wounding). The
response of FAOLP2 to wounding is consistent with the proposed role of OLP genes in
plant defense.

Taken together, these observations suggest that FaOLP2 may be actively involved
in protecting strawberry plants against pathogen invasion and adverse environmental

conditions including osmotic stress. Further studies on the evaluation of the regulatory
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elements of FAOLP2 on conferring the observed induction by different abiotic stress, the
antifungal activities of this gene and its application in transgenic plants will expand our

knowledge of plant defense mechanisms.
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CHAPTER 4

EXPRESSION OF A STRAWBERRY OSMOTIN-LIKE PROTEIN
GENE, FAOLP1, IN RESPONSE TO FUNGAL INFECTION

4.1 Introduction

When plants are invaded by pathogens, a number of metabolic changes occur
within the plant as a defense response. Initially, a localized resistance reaction, known as
the hypersensitive response, takes place to confine the spread of the pathogen. At the
same time, in the vicinity of infection, various genes are activated, which results in the
production of antimicrobial compounds, the phytolaxins, and various antimicrobial
proteins, including pathogenesis-related (PR) proteins. Finally, systemic expression of PR
protein genes is also activated, leading to the establishment of systemic acquired

resistance (SAR) in the plant.

Osmotin and osmotin-like proteins (OLPs) belong to the thaumatin-like protein
(TLP) or PR-5 family (van Loon and van Strien, 1999). The PR-5 proteins from a variety
of plant sources have been shown to inhibit fungal growth in vitro (e.g., Vigers et al.,
1992; Salzman et al., 1998). They caused lysis of fungal spores, inhibition of hyphal
growth and/or reduction of spore germination (Woloshuk et al., 1991; Abad, et al., 1996;
Koiwa et al., 1997). In addition, transgenic plants constitutively expressing PR-5 proteins
have been shown to exhibit enhanced disease resistance (reviewed in Velazhahan et al.,
1999; Velazhahan and Muthukrishnan 2003). In this respect, PR-5 proteins must have an
important role in plant defense against pathogens.

However, the molecular mechanism that accounts for the antifungal activity of

PR-5 proteins is still not clear. It has been proposed to involve interaction with specific
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plasma membrane component(s) of the fungal target and/or destabilizing the fungal
plasma membrane. Abad et al. (1996) reported that tobacco osmotin caused membrane
leakage and dissipated the pH gradient across the cell wall/membrane of sensitive fungal
species. Using Saccharomyces cerevisiae as a model system, several studies have found
that the antifungal activity of PR-5 protein was mediated by the composition of fungal
cell wall (Coca et al., 2000; Ibeas et al., 2001). In particular, fungal cell wall
phosphomannans were shown to facilitate the toxic activity of PR-5 proteins (Ibeas et al.,
2000; Salzman et al., 2004). Surprisingly, in a more recent study, six TLPs from barley,
tomato, cherry and tobacco were shown to have B-1,3-glucanase activity (Grenier et al.,
2001), which suggest that some TLPs might inhibit fungi growth via direct action on
fungal B-1,3-glucans.

In addition to their antifungal activity, OLPs have been implicated in normal
developmental processes such as flower formation and fruit ripening (Neale et al., 1990;
Salzman et al., 1998). Some OLPs also displayed protections against osmotic stress (Zhu

et al., 1995a) or against freezing (Hon et al. 1995).

Strawberry belongs to the Rosaceae family, which consists of more than 3000
species (Baumgardt, 1982). This large plant family includes important fruit crops such as
apples, pears and raspberries. Thus far, relatively few studies have been reported on PR
proteins or PR protein genes of the Rosaceae family members. Dr. Shih’s laboratory has
previously isolated a strawberry osmotin-like protein gene, designated as FaOLP1 (Wu et
al., 2001). Amino acid sequence alignment analysis revealed that the 5 amino acid
residues crucial to the antifungal activity of maize zeamatin, tobacco PR-5d protein and

tobacco osmotin are all conserved in FaOLP1, indicating that FAOLP1 may posses
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antifungal activity. To investigate this possibility, we examined the response of FaOLP1
to Colletotrichum fragariae and Colletotrichum acutatum, which can cause the severe
strawberry disease, anthracnose crown rot, in the Gulf states region of the United States

and in other parts of the world (Smith and Black, 1986).
4.2 Materials and Methods

4.2.1 Plant Growth Conditions

Dormant strawberry plantlets (Fragaria ananassa Duchesne) were purchased
from Nourse Farms (Deerfield, MA). The plantlets were planted into 9 cm square
containers (Kord, Ontario, Canada) that contained a soil mix (bark, peat moss, and perlite
(7:2:1, v/v/v)) with dolomitic lime (4.7 kg/m®). Approximately 5 g of Osmocote-plus
fertilizer (15-9-12; Scotts-Sierra, Marysville, OH) was spread on top of each container.
The plants were grown in Percival growth chambers (model AR-60L; Percival Scientific,
Boone, 10) at 26/18 °C (day/night) and an 11 h photoperiod. General Electric
(T32T8SP41) lamps were used for illumination, delivering irradiance of 8 W/m”. The
relative humidity was kept at 60—70%. The plants were watered with distilled water
approximately every other day, and they were ready for infection experiments 10 days

after planting.
4.2.2 Isolation of Total RNA from Leaf Tissues

Total RNAs were extracted from strawberry leaves according to the method
described by Manning (1991). Leaves were ground in liquid nitrogen into very fine
powders using a chilled mortar and pestle. Approximately 100 mg of the ground leaves

was transferred with a chilled spatula to a 2 mL microcentrifuge tube containing 0.7 mL
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of extraction buffer (0.2 M boric acid, 10 mM Na2EDTA, pH 7.6, 0.5% SDS, and 280
mM B-mercaptoethanol). SDS and B-mercaptoethanol were added to the extraction buffer
immediately before use. To this mixture, 0.7 mL of phenol:chloroform:isoamyl alcohol
(24:4:1) equilibrated with extraction buffer without SDS and B-mercaptoethanol was
added. The mixture was shaken vigorously for 5 min and centrifuged in a microcentrifuge
at 15,000 g for 5 min. The aqueous phase was withdrawn and distributed into two 2 mL
tubes, 275 puL each. Two volumes, 550 pL, of RNase-free water was added to each tube
and the Na' concentration was raised to 80 mM by adding 72 pL of 1 M Na-acetate, pH
4.5. This mixture was mixed briefly and 0.4 volume, 359 pL, of 2-butoxyethanol (2-BE)
was added and mixed thoroughly by inversion (4-6 times). Carbohydrates were removed
by incubating the solution on ice for 30 min followed by centrifugation at 15,000 g for 5
min. The supernatant was transferred to a new tube and 538 uL of 2-BE was added. The
mixtures were mixed thoroughly by inversion (4-6 times) and incubated on ice for 30 min
to precipitate total nucleic acids. Nucleic acids were pelleted by centrifugation at 15,000
g in a microcentrifuge for 10 min. The pellet was washed successively once with 1:1 of
cold extraction buffer (without SDS and B-mercaptoethanol):2-BE, once with 75%
ethanol containing 0.1 M KCl, and once with absolute ethanol. After being dried
approximately 5 min, the pellet was dissolved in RNA-Secure (Ambion, Austin, TX)
solution and incubated at 60°C for 10 min to inactivate any contaminating RNases. The
RNA samples were further purified with RNeasy kit (QIAGEN, Valencia, CA), and
treated with DNase I by using the DNA-free kit (Ambion) following the manufacturer’s

instructions.
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4.2.3 Growth and Preparation of Fungal Inoculums and Plant Inoculation

In this study, C. fragariae isolate CF-75 and C. acutatum isolate Goff were used
to inoculate the strawberry plants. Fungal cultures were obtained from Dr. Barbara Smith
(USDA, Small Fruit Research Station, Poplarville, MS) and maintained on half strength
fungal growth media (Smith et al., 1990). To prepare the fungal conidia inoculums,
actively growing cultures in Petri dishes were covered with approximately 15 ml of
0.01% Tween 20 per dish. Conidia were dislodged into the liquid by using a round end
glass rod, and the suspension was filtered through two layers of cheesecloth. The conidia
concentration was determined by a hemocytometer and adjusted to 1.5x10° conidia/ml.
Plants were sprayed to run-off with the conidial suspension. Control plants were sprayed
with 0.01% Tween 20. After spraying, plants were immediately transferred to a dew
chamber maintained at 28 °C. Three plants of each treatment were harvested at 2, 6, 12,
24, and 48 h post-inoculation. RNA samples were extracted immediately and stored at

—80 °C. The infection experiment was repeated once.
4.2.4 Relative Quantification by Real-time PCR

The expression levels of FaOLP1 (GenBank accession number AF199508) in leaf
samples collected at various time points post-inoculation were determined by real-time
PCR using a Perkin-Elmer 7700 thermal cycler. Strawberry glyceradehyde-3-phosphate
dehydrogenase gene (FaGAPDHZ2) (Khan and Shih 2004), a housekeeping gene, was
used as the reference gene. The primers and TagMan MGB probes for FAaGAPDH2 and
FaOLP1 were designed using the Sequence Detection System software, and are shown

below.
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FaGAPDH2
Forward primer: 5°-CAG ACT TGA GAA GAA GGC CAC CTA-3’
Reverse primer: 5°-GAT ACC CTT CAT CTT TCC CTC AGA-3’
Probe: ATC AAG GCT GCT ATC AAG
FaOLP1
Forward primer: 5°-CCA GGC GGT GGC AAA C-3°
Reverse primer: 5°-GCT GCC ACA TTT ATC GTC CAT-3’
Probe: CTC GGC ACC GGC CA
The primers were synthesized by the Gene and Probe Laboratory of the School of
Veterinary medicine, Louisiana State University. The probes were obtained from Applied
Biosystems (Foster City, CA).

Using one-step RT-PCR master mix reagents (Applied Biosystems, Foster City,
CA), 50 pl reaction mixtures were setup in a 96-well plate. For both genes, the primers
were used at a final concentration of 500 nM, and the TagqMan MGB probe was used at a
final concentration of 250 nM. For each plant sample, 200 ng of total RNA was analyzed
for each gene (FaGAPDH2 and FaOLP1) and the two genes were always analyzed
simultaneously. Each sample was run in triplicate. The thermal cycler conditions
recommended by the manufacturer were used with first stage at 48 °C for 30 min for
reverse transcription, second stage at 95 °C for 10 min, and third stage (40 cycles) at

95 °C for 15 s followed by 60 °C for 1 min.

The comparative Ct method was used in the quantification analysis, which
mathematically transforms the threshold cycle (Cr) into the relative expression level of

genes (Perkin-Elmer User Bulletin 2). A relative quantification of the expression of
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FaOLP1 was achieved by calibration with the expression of the reference gene,
FaGAPDH2. The calibrated FaOLP1 expression levels in infected plants at different time
points post-inoculation were then compared with that of the respective control plant

which was arbitrarily set as 1 to obtain the induction level of FaOLP1.

4.3 Results

The expression patterns of FaOLP1 in response to C. acutatum and C. fragariae
in the first infection experiment are shown in Fig. 4.1A. For strawberry plants inoculated
with C. acutatum, no increase in the expression level of FAOLP1 was observed during the
first 24 h after infection. The expression level then quickly increased to 5.26-fold at 48 h
(Fig. 4.1A). Similarly, it appeared that FAaOLP1 did not respond to C. fragariae at the
early stage of infection either. The expression of FAOLP1 remained approximately at the
background level up to 12 h. The expression then increased to 2.77 fold at 24 h and 7.05-
fold at 48 h.

In the second infection study, C. acutatum caused a quicker response of FaOLP1;
however the induction level was lower than that in the first trial (Fig. 4.1B). Slight
induction of 1.30-fold was evident at 12 h post-inoculation. The induction increased to
2.07-fold at 24 h, but it decreased to 1.5-fold at 48 h. On the other hand, the induction
pattern of FaOLP1 by C. fragariae was essentially the same as that in the first trial. The
expression level was not increased up to 12 h. The expression of FaOLP1 was induced to

3.81-fold at 24 h and 6.23-fold at 48 h.
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Figure 4.1 Relative quantities of FAOLP2 mRNA at various time points after inoculation
with C. acutatum or C. fragariae. Results from two separate experiments are shown in
panels A and B. Each plant was individually assayed in triplicate. Values shown
represent the mean reading from three treated plants and the error bars indicate the
standard errors of the means.
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4.4 Discussion

Many studies have demonstrated that the expression of OLPs can be induced by
microbial infection (reviewed in Velazhahan et al., 1999), but relatively few studies have
been reported on the temporal expression pattern of OLPs upon pathogen infection. In the
present study, I examined the expression pattern of FAOLP1 within the time frame of 48
h after inoculation. Samples were not collected beyond the 48 h time point, since some
plants were severely diseased after 48 h, especially plants inoculated with C. fragariae.
The results showed that both of the tested pathogenic fungi, C. acutatum and C. fragariae,
were able to trigger the induction of FAOLP1, and that noticeable induction did not occur
until 24-48 h post-inoculation (Fig. 4.1). In addition, it appeared that the induction of
FaOLP1 caused by C. fragariae was higher than that induced by C.acutatum. The
positive response of FAOLP1 to the two Colletotrichum species indicated that FaOLP1
could be involved in strawberry defense reactions.

Similar timing of induction of OLPs by pathogen attacks has been reported in a
number of studies. In oat seedlings infected with stem rust fungus (Puccinina graminis),
four distinc OLP genes were induced: two were induced between 24-30 h post-
inoculation, and the other two between 42-48 h post-inoculation (Lin et al., 1996 and
1998). Similarly, infection of rice plants with the sheath blight fungus resulted in the
accumulation of two TLP mRNAs within 1 to 2 days and peaked around 4 days
(Velazhahan et al., 1998). In addition, in potato plants infected with Phytophthora
infestans, no appreciable increase in the levels of three OLP mRNAs occurred up to 12 h
after infection (Zhu et al., 1995a). Significant accumulation of these three OLP mRNAs

was observed 4 days after infection. In contrast, a pepper OLP gene was induced within
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3-5 h after inoculation with three different pathogenic or non-pathogenic bacteria (Hong
et al., 2004).

The expression of two strawberry chitinase genes (FaChi2-1 and FaChi2-2) and
two strawberry B-1,3-glucanase genes (FaBG2-2 and FaBG2-3) in response to the same
Colletotrichum species were investigated in previous studies (Khan and Shih, 2004; Shi
et al., 2005). When comparing all these infection results, some similarities in the
induction patterns of these five PR genes were noticed. Firstly, higher levels of induction
of the five genes were always observed in plants inoculated with C. fragariae than those
inoculated with C. acutatum. Secondly, except for the FaChi2-1 gene, none of the PR
protein genes responded to the Colletotrichum fungi until 24-48 h post-inoculation. This
latter observation indicates that the induction of the four PR genes (FaOLP1, FaChi2-2,
FaBG2-2 and FaBG2-3) by these two particular fungi might involve the same signal
molecule or signaling pathway. In future studies, quantitative determination of the
mRNAs produced in response to various signal molecules, such as salicylic acid, ethylene,
and jasmonic acid, would help in delineating the signaling pathways utilized by these
genes. Moreover, studies on the antifungal activities of the proteins encoded by these
genes and their usefulness in transgenic plants to enhance the disease resistance should

further broaden our knowledge in plant defense mechanisms.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

Pathogenesis-related (PR) proteins play an important role in protecting plants
from invading microorganisms as well as various environmental stresses. PR proteins
were originally identified in tobacco plants hypersensitively reacting to the tobacco
mosaic virus (TMV) infection (van Loon and van Kammen, 1970). A number of different
PR proteins have been identified since then. Plant chitinases are one of the most
extensively studied PR proteins, partly due to their ability to degrade cell walls of certain
fungi. These enzymes were shown to be induced in plants upon infection, and some were
observed to have antifungal activity in vitro (e.g., Kragh et al., 1993; Chang et al., 1995;
Sela-Buurlage et al., 1993). Chitinases have been purified and characterized from a
number of plant species. All chitinases examined so far are present as single-polypeptide
molecules, except one chitinase identified in winter rye (Yu and Griffith, 1999). This
chitinase, together with glucanase-like proteins, thaumatin-like proteins and other
unidentified proteins, were found to form protein complexes in the apoplastic space of
cold-adapted winter rye leaves.

Osmotin-like proteins (OLPs) are members of thaumatin-like, PR-5 protein family.
OLPs from different plant sources have been shown to inhibit fungal growth in vitro (e.g.,
Abad et al., 1996; Salzman et al., 1998). Expression of OLPs can be induced by pathogen
infection, by abiotic stresses such as drought and cold, and by exogenous application of
signal molecules such as salicylic acid and abscisic acid (reviewed in Velazhahan et al.,
1999). Considerable evidence has demonstrated that constitutive expression of PR

proteins in transgenic plants delayed the development of disease symptoms caused by
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pathogen attacks (Tabei et al., 1998; Chen et al., 1999; Datta K et al., 2001; Velazhahan
and Muthukrishnan 2003). Currently, there is a great interest in dissecting the molecular
events from pathogen recognition to the induction of these PR protein genes.

Strawberry is an economically important fruit crop in the southern United States.
However, in recent years fungal infections have become serious problems for sustained
strawberry production. While some transgenic strawberries with enhanced disease
resistance have been generated, no information is available on strawberry’s endogenous
defense systems. This dissertation is an effort to broaden our knowledge about PR
proteins in general and also their reactions in a plant defense response. A chitinase-
containing protein complex was partially purified from strawberry leaves. A gene
encoding an OLP was cloned and partially characterized. The induction patterns of this
OLP gene upon treatment with salicylic acid, abscisic acid or mechanical wounding were
studied. In addition, the expression of a previously isolated OLP gene (Wu et al., 1999) in
response to fungal infection was analyzed.

A chitinase-containing protein complex was purified to near homogeneity from
strawberry leaf extracts after three consecutive chromatographic steps: batch-wise elution
on a DEAE-Sepharose column, fractionation on a Sephacryl S-200 HR column, and
fractionation on a Mono Q column. Analysis of the pooled fraction from Mono Q column
on native gel revealed only one chitinase activity band (ChiA3’). Yet when the same
pooled fraction was resolved on a SDS activity gel, at least five chitinase activity bands
were detected. These results indicated that ChiA3’ is indeed a protein complex that
contains multiple chitinase molecules. In addition, western blot analysis of the protein

complex sample from the mono Q column showed no detectable band when antiserum
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prepared against a rice thaumatin and a barley -1,3-glucanase were used. This result
suggested that the strawberry chitinase complex probably does not contain any
thaumatin-like or glucanase-like proteins. The strawberry complex, then, would be
different from the structures of the winter rye apoplastic antifreeze protein complexes,
which consist of different combinations of a chitinase, two thaumatin-like proteins, two
glucanase-like proteins, and other proteins. By forming a protein complex, these
chitinases might act synergistically to inhibit fungal growth. In future studies, it would be
interesting to identify these chitinases as well as other possible constituents in this protein
complex. An in vitro antifungal activity assay of these chitinases would then show if
there is a synergetic effect against fungal growth. In addition, characterization of the
chitinase genes and their regulation would bring some insight into the biological
functions of this chitinase-containing complex.

A strawberry genomic clone containing an osmotin-like protein (OLP) gene,
designated FaOLP2, was isolated and sequenced. The coding region of FAOLP2 contains
no intron, and is predicted to encode a precursor protein of 229 amino acid residues.
There is a predicted signal peptide of 27 amino acid residues at the N-terminus; therefore,
FaOLP?2 likely is secreted to the apoplastic space. The predicted amino acid sequence of
FaOLP2 shares high degrees of homology with a number of other OLPs. Genomic DNA
hybridization analysis indicated that FaOLP2 represents a multi-gene family. FaOLP2
was constitutively expressed in strawberry leaves, roots, crowns, green fruits and ripe red
fruits, although at different levels. High levels of FAOLP2 mRNA were found in crowns
and leaves. In addition, from green fruit stage to ripe red fruit stage, the expression of

FaOLP2 was increased by 2 fold, suggesting a developmental regulation of FaOLP2 in
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strawberry fruits. In addition, the regulation pattern of FAOLP2 under different abiotic
stresses was analyzed at different time points. All of the three tested abiotic stimuli,
abscisic acid, salicylic acid and mechanical wounding, triggered a significant
accumulation of the FAOLP2 transcript within 2-6 h post-treatment. Moreover, FaOLP2
was more prominently induced by salicylic acid than by abscisic acid or mechanical
wounding. The positive responses of FAOLP2 to the three abiotic stimuli suggested that
strawberry FAaOLP2 may help to protect plants against osmotic-related environmental
stresses and that it may also be involved in plant defense against pathogens. In future
studies, it would be intriguing to identify the regulatory elements that are important for
the response of FAOLP2 to these signal molecules. A promoter deletion series linked to a
reporter gene could be constructed and transformed into a model plant to identify such
elements. Additionally, since salicylic acid is a key signal in systemic acquired resistance,
it would be interesting to know if FAOLP2 can be induced locally and/or systemically
upon pathogen attack.

The expression of a previously isolated osmotin-like protein gene (FaOLP1) (Wu
et al., 1999) in response to two strawberry fungal pathogens, Colletotrichum acutatum
and Colletotrichum fragariae, was examined at different time points after inoculation
with each fungus separately. Both of the two Colletotrichum fungi caused an increase in
FaOLPL1 transcription at 24-48 h after infection. Moreover, accumulation of the FaOLP1
transcript caused by C. fragariae was higher than that caused by C. acutatum. Similar
induction patterns have been observed for one strawberry class II chitinase and two
strawberry B-1,3-glucanases (Khan and Shih, 2004; Shi et al., 2005), suggesting that the

regulation of these four PR protein genes by these two fungi could be involved in the
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same signaling pathway. Further studies on the expression pattern of these genes in
response to the known signal molecules, salicylic acid, jasmonic acid, and ethylene, could
help to evaluate this possibility.

Plant PR proteins have been studied extensively in the last 20 years. However, our
understanding about their roles in plants and the regulation of their expression are far
from complete. In this dissertation, a protein complex was identified in the strawberry
plant, and it was shown to consist of multiple chitinase isoforms. It would be intriguing to
know if such a chitinase-containing complex also exists in other plant species. On the
other hand, with the cloning of strawberry OLP genes, we can dissect the cis-elements
and trans-factors involved in the induction of these genes, and the molecular events
leading to the induction of these genes under biotic or abiotic stress. Such knowledge

could bring new insight into the regulation of other PR protein genes.

92



REFERENCES

Abad, L.R., Durzo, M.P., Liu, D, Narasimhan, M.L., Reuveni, M., Zhu, J.K., Niu, X.M.,
Singh, N.K., Hasegawa, P.M., and Bressan, R.A. (1996) Antifungal activity of tobacco

osmotin has specificity and involves plasma membrane permeabilization. Plant Sci. 118,
11-23.

Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2003)
Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional
activators in abscisic acid signaling. Plant Cell; 15: 63-78.

Alonso, J.M., Hirayama, T., Roman, G., Nourizadeh, S., and Ecker, J.R. (1999) EIN2, a
bifunctional transducer of ethylene and stress responses in Arabidopsis. Science 284,
2148-2152.

Ancillo, G., Witte, B., Schmelzer, E., and Kombrink, E. (1999) A distinct member of the
basic (class I) chitinase gene family in potato is specifically expressed in epidermal cells.
Plant Mol. Biol. 39, 1137-1151

Andersen, M.D., Jensen, A., Robertus, J.D., Leah, R., and Skriver, K. (1997)
Heterologous expression and characterization of wild-type and mutant forms of a 26 kDa
endochitinase from barley (Hordeum vulgare L.). Biochem. J. 322, 815-822.

Anderson, J.P., Badruzsaufari, E., Schenk, P.M., Manners, J.M., Desmond, O.J., Ehlert,
C., Machlean, D.J., and Kazan, K. (2004) Antagonistic interactions between abscisic acid
and jasmonate-ethylene signaling pathways modulates defense gene expression and
disease resistance in Arabidopsis. Plant Cell 16, 3460-3479.

Ano, A., Takayanagi, T., Uchibori, T., Okuda, T., and Yokotsuka, K. (2003)
Characterization of a class III chitinase from Vitis vinifera cv. Koshu. J. Biosci. Bioeng.
95, 645-647

Arie, M., Hikichi, K., Takahashi, K., and Esaka, M. (2000) Characterization of a basic
chitinase which is secreted by cultured pumpkin cells. Physiol.Plant. 110, 232-239.

Batalia, M.A., Monzingo, A.F., Ernst, S., Roberts, W., and Robertus, J.D. (1996) The
crystal structure of the antifungal protein zeamatin, a member of the thaumatin-like, PR-5

protein family. Nat. Struct. Biol. 3, 19-23.

Baumgardt, J.P. (1982) How to identify flowering plant families (Timber Press, Portland),
pp230-231.

Bayer, E.A., Shimon, L.J., Shoham, Y., and Lamed, R. (1998) Cellulosome-structure and
ultrastructure. J. Struct. Biol. 124, 221-234.

93



Béguin, P. and Lemaire, M. (1996) The cellulosome: an extracellular protein complex
specialized in cellulose degradation. Crit. Rev. Biochem. Mol. Biol. 31, 201-236.

Bendtsen, J.D., Nielsen, H., von Heijne, G., and Brunak, S. (2004) Improved prediction
of signal peptides: SignalP 3.0. J. Mol. Biol. 340, 783-795.

Berglund, L., Brunstedt, J., Nielsen, K.K., Chen, Z., Mikkelsen, J.D., and Marcker, K.A.
(1995) A proline-rich chitinase from Beta vulgaris. Plant Mol. Biol. 27, 211-216.

Bernasconi, P., Locher, R., Pilet, P.E., Jolles, J., and Jolles, P. (1987) Purification and N-
terminal amino-acid sequence of a basic lysozyme from Parthenocissus quinquifolia
cultured in vitro. Biochim. Biophys. Acta 915, 254-260.

Bokma, E., Spiering, M., Chow, K.S., Mulder-Patty, P.M.F., Subroto, T., and Beintema,
J.J. (2001) Determination of cDNA and genomic DNA sequences of hevamine, a
chitinase from the rubber tree Hevea brasiliensis. Plant Physiol. Biochem. 39, 367-376

Boter, M., Ruiz-Rivero, O., Abdeen, A., and Prat, S. (2004) Conserved MYC
transcription factors play a key role in jasmonate signaling both in tomato and
Arabidopsis. Genes Dev. 18, 1577-1591.

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

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

Bravo, J. M., Campo, S., Murillo, ., Coca, M., and San Segundo, B. (2003) Fungus- and
wound-induced accumulation of mRNA containing a class II chitinase of the
pathogenesis-related protein 4 (PR-4) family of maize. Plant Mol.Biol. 52, 745-759.

Broekaert, W.F., Parijs, J.V., Allen, A.K., and Peumans, W.J. (1988) Comparison of
some molecular, enzymatic and antifungal properties of chitinases from thorn-apple,
tobacco and wheat. Physiol. Mol. Plant Pathol. 33, 319-331.

Broglie, K., Chet, 1., Holliday, M., Cressman, R., Biddle, P., Knowlton, S., Mauvais, C.J.,
and Broglie, R. (1991) Transgenic plants with enhanced resistance to the fungal pathogen
Rhizoctonia solami. Science 254, 1194-1197.

Brunner, F., Stintzi, A., Fritig, B., and Legrand, M. (1998) Substrate specificities of
tobacco chitinases. Plant J. 14, 225-234.

Buchter, R., Stromberg, A., Schmelzer, E., and Kombrink, E. (1997) Primary structure
and expression of acidic (class II) chitinase in potato. Plant Mol. Biol. 35, 749-761

94



Busam, G., Kassemeyer, H.H., and Matern, U. (1997) Differential expression of
chitinases in Vitis vinifera L. responding to systemic acquired resistance activators or
fungal challenge. Plant Physiol. 115, 1029-1038

Cabib, E. (1988) Assay of chitinase using tritiated chitin. Meth. Enzymol. 161, 424-426.

Campos, M.A., Ribeiro, S.G., Rigden, D.J., Monte, D.C., and De Sa, M.F.G. (2002)
Putative pathogenesis-related genes within Solanum nigrum L. var. americanum genome:

isolation of two genes coding for PR5-like proteins, phylogenetic and sequence analysis.
Physiol. Mol. Plant Pathol. 61, 205-216.

Capelli, N., Diogon, T., Greppin, H., and Simon, P. (1997) Isolation and characterization
of a cDNA clone encoding an osmotin-like protein from Arabidopsis thaliana. Gene 191,
51-56.

Cao, H., Bowling, S.A., Gordon, A.S., and Dong, X. (1994) Characterization of an
Arabidopsis mutant that is nonresponsive to inducers of systemic acquired resistance.
Plant Cell 6, 1583-1592.

Chao, Q.M., Rothenberg, M., Solano, R., Roman, G., Terzaghi, W., and Ecker, J.R. (1997)
Activation of the ethylene gas response pathway in Arabidopsis by the nuclear protein
ETHYLENE-INSENSITIVE3 and related proteins. Cell 89, 1133-1144.

Christensen, A.B., Cho, B.H., Naesby, M., Gregersen, P.L., Brandt, J., Madriz-Ordenana,
K., Collinge, D.B., and Thordal-Christensen, H. (2002) The molecular characterization of

two barley proteins establishes the novel PR-17 family of pathogenesis-related proteins.
Mol. Plant Pathol. 3, 135-144.

Castillo Ruiz, R.A., Herrera, C., Ghislain, M., and Gebhardt, C. (2005) Organization of
phenylalanine ammonia lyase (PAL), acidic PR-5 and osmotin-like (OSM) defence-
response gene families in the potato genome. Mol. Genet. Genomics. 274, 168-179.

Chang, M.M., Horovitz, D., Culley, D., and Hadwiger, L.A. (1995) Molecular cloning
and characterization of a pea chitinase gene expressed in response to wounding, fungal
infection and the elicitor chitosan. Plant Mol.Biol. 28, 105-111.

Chen, W. P., Chen, P. D., Liu, D. J., Kynast, R., Friebe, B., Velazhahan, R.,
Muthukrishnan, S., and Gill, B.S. (1999) Development of wheat scab symptoms is
delayed in transgenic wheat plants that constitutively express a rice thaumatin-like
protein gene. Theor. Appl. Genet. 99, 755-760

Cheong, N.E., Choi, Y.O., Kim, W.Y., Kim, S.C., Cho, M.J.,, and Lee, S.Y. (1997)

Purification of an antifungal PR-5 protein from flower buds of Brassica campestris and
cloning of its gene. Physiol. Plant. 101, 583-590.

95



Clendennen, S.K. and May, G.D. (1997) Differential gene expression in ripening banana
fruit. Plant Physiol. 115, 463-469.

Coca, M.A., Damsz, B., Yun, D.J., Hasegawa, P.M., Bressan, R.A., and Narasimhan,
M.L. (2000) Heterotrimeric G-proteins of a filamentous fungus regulate cell wall
composition and susceptibility to a plant PR-5 protein. Plant J. 22, 61-69.

Collinge, D.B., Kragh, K.M., Mikkelsen, J.D., Nielsen, K.K., Rasmussen, U., andVad, K.
(1993) Plant chitinases. Plant J. 3, 31-40.

Datta, K., Tu, J., Oliva, N., Ona, L.I., Velazhahan, R., Mew, T.W, Muthukrishnan, S., and
Datta, S.K. (2001) Enhanced resistance to sheath blight by constitutive expression of
infection-related rice chitinase in transgenic elite indica rice cultivars. Plant Sci. 160,
405-414.

Davis, .M., Wu, H., Cooke, J.E.K., Reed, J.M., Luce, K.S., Michler, C.H. (2002)
Pathogen challenge, salicylic acid, and jasmonic acid regulate expression of chitinase
gene homologs in pine. Mol. Plant-Microbe Interact. 15, 380-387

De Jong, A.J., Cordewener, J., Lo, S.F., Terzi, M., Vandekerckhove, J., Van Kammen, A.,
and De Vries, S.C. (1992) A carrot somatic embryo mutant is rescued by chitinase. Plant
Cell 4, 425-433.

de los Reyes, B.G., Taliaferro, C.M., Anderson, M.P., Melcher, U., and McMaugh, S.
(2001) Induced expression of the class II chitinase gene during cold acclimation and
dehydration of bermudagrass (Cynodon sp.). Theor.Appl.Genet. 103, 297-306.

Dempsey, D.A., Wobbe, K.K., and Klessig, D.F. (1993) Resistance and susceptible
responses of Arabidopsis thaliana to turnip crinkle virus. Phytopathology 83, 1021-1029.

Ding, C-K., Wang, C.Y., Gross, K.C. and Smith, D.L. (2002) Jasmonate and salicylate
induce the expression of pathogenesis-related protein genes and increase resistance to

chilling injury in tomato fruit. Planta 214, 895-901.

Dong, X. (1998) SA, JA, cthylene, and disease resistance in plants. Curr. Opin. Plant
Biol. 1, 316-320

Dudler, R., Mauch, F., and Reimmann, C. (1994) Thaumatin-like protein. In: Witty M,
Higginbotham JD, editors. Thaumatin. CRC Press, Boca Raton, pp193-199.

Durrant, W.E. and Dong, X. (2004) Systemic Acquired Resistance. Annu. Rev.
Phytopathol. 42, 185-209.

Eulgem, T., Rushton, P.J., Robatzek, S, and Somssich, I.LE. (2000) The WRKY
superfamily of plant transcription factors. Trends Plant Sci. 5, 199-206.

96



Fils-Lycaon, B.R., Wiersma, P.A., Eastwell, K.C., and Sautiere, P. (1996) A cherry
protein and its gene, abundantly expressed in ripening fruit, have been identified as
thaumatin-like. Plant Physiol. 111, 269-273.

Fredo, P., Didierjean, L., Passelegue, E., and Burkard, G. (1992) Abiotic stresses induce a
thaumatin-like protein in maize; cDNA isolation and sequence analysis. Plant Sci. 85, 61-
69.

Fukuda, Y. and Shinshi, H. (1994) Characterization of a novel cis-acting element that is
responsive to a fungal elicitor in the promoter of a tobacco class I chitinase gene. Plant
Mol.Biol. 24, 485-493

Fukuda, Y. (1997) Interaction of tobacco nuclear protein with an elicitor-responsive
element in the promoter of a basic class I chitinase gene. Plant Mol.Biol. 34, 81-87

Gaftney, T., Friedrich, L., Vernooij, B., Negrotto, D., Nye, D., Uknes, S., Ward, E.,
Kessmann, H., and Ryals, J. (1993) Requirement of salicylic acid for the induction of
systemic acquired resistance. Science 261, 754-756.

Gaynor, J.J. and Unkenholz, K.M. (1989) Sequence analysis of a genomic clone encoding
an endochitinase from Solanum tuberosum. Nucleic Acids Res. 17, 5855-5856.

Goormachtig, S., Lievens, S., Van de Velde, W., Van Montagu, M., and Holsters, M.
(1998) Srchil3, a novel early nodulin from Sesbania rostrata, is related to acidic class III
chitinases. Plant Cell 10, 905-915

Goormachtg, S., de Velde, W.V., Lievens, S., Verplancke, C., Herman, S., Keyser, A.D.,
and Holsters, M. (2001) Srchi24, A chitinase homolog lacking an essential glutamic acid
residue for hydrolytic activity, is induced during nodule development on Sesbania
rostrata. Plant Physiol. 127, 78-89

Gorlach, J., Volrath, S., Knauf-Beiter, G., Hengy, G., Beckhove, U., Kogel, K.H.,
Oostendorp, M., Staub, T., Ward, E., Kessmann, H., and Ryals, J. (1996)
Benzothiadiazole, a novel class of inducers of systemic acquired resistance, activates
gene expression and disease resistance in wheat. Plant Cell 8, 629-643.

Grenier, J., Potvin, C., Trudel, J., and Asselin, A. (1999) Some thaumatin-like proteins
hydrolyse polymeric beta-1,3-glucans. Plant J 19, 473-480.

Gupta, V., Willits, M.G., and Glazebrook, J. (2000) EDS4 contributes to salicylic acid
(SA)-independent expression of defense responses: evidence for inhibition of jasmonic
acid signaling by SA. Mol. Plant-Microbe Interact. 13, 503-511.

Hahn, M., Hennig, M., Schlesier, B., and Hoehne, W. (2000) Structure of jack bean
chitinase. Acta Crystallographica 56, 1096-1099.

97



Hamel, F. and Bellemare, G. (1995) Characterization of a class I chitinase gene and of
wound-inducible, root and flower-specific chitinase expression in Brassica napus.
Biochim.Biophys.Acta. 1263, 212-220.

Hanfrey, C., Fife, M., and Buchanan-Wollaston, V. (1996) Leaf senescence in Brassica
napus: Expression of genes encoding pathogenesis-related proteins. Plant Mol. Biol. 30,
597-609.

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

Hart, P.J., Pflunger, H.D., Monzingo, A.F, Hollis, T., and Robertus, J.D. (1995) The
refined crystal structure of an endochitinase from Hordeum vulgare L. seeds at 1.8A
resolution. J. Mol. Biol. 248, 402-413.

Helleboid, S., Hendriks, T., Bauw, G., Inze, D., Vasseur, J., and Hilbert, J.L. (2000)
Three major somatic embryogenesis related proteins in Cichorium identified as PR
proteins. J. Exp. Bot. 51, 1189-1200.

Hejgaard, J., Jacobsen, S., and Svendsen, 1. (1991) Two antifungal thaumatin-like
proteins from barley grain. FEBS Lett. 291, 127-131.

Sassa, H., Ushijima, K., and Hirano, H. (2002) A pistil-specific thaumatin/PR5-like
protein gene of Japanese pear (Pyrus serotina): sequence and promoter activity of the 5’
region in transgenic tobacco. Plant Mol. Biol. 50, 371-377.

Higo, K., Ugawa, Y., Iwamoto, M., and Korenaga, T. (1999) Plant cis-acting regulatory
DNA elements (PLACE) database: 1999. Nucleic Acids Res. 27, 297-300

Hon, W.-C., Griffith, M., Mlynarz, A., Kwok, Y.C., and Yang, D.S.C. (1995) Antifreeze
proteins in winter rye are similar to pathogenesis-related proteins. Plant Physiol. 109,
879-889

Hong, J.K., Jung, HW., Lee, BK.,, Lee, S.C., Lee, Y.K., and Hwang, B.K. (2004) An
osmotin-like protein gene, CAOSM1, from pepper: differential expression and in situ

localization of its mRNA during pathogen infection and abiotic stress. Physiol. Mol.
Plant Pathol. 64, 301-310

Hu, X. and Reddy, A.S.N. (1997) Cloning and expression of a PR5-like protein from
Arabidopsis: Inhibition of fungal growth by bacterially expressed protein. Plant Mol. Biol.
34, 949-959.

Hua, J. and Meyerowitz, E.M. (1998) Ethylene responses are negatively regulated by a
receptor gene family in Arabidopsis thaliana. Cell 94, 261-267.

98



Huynh, Q.K., Hironaka, C.M., Levine, E.B., Smith, C.E., Borgmeyer, J.R., and Shah,
D.M. (1992) Purification, molecular cloning, and antifungal properties of chitinases from
maize seed. J. Biol. Chem. 267, 6635-6640.

Ibeas, J.I., Lee, H., Damsz, B., Prasad, D.T., Pardo, J.M., Hasegawa, P.M., Bressan, R.A.,
and Narasimhan, M.L. (2000) Fungal cell wall phosphomannans facilitate the toxic
activity of a plant PR-5 protein. Plant J. 23, 375-383.

Ibeas, J.I., Yun, D.J., Damsz, B., Narasimhan, M.L., Uesono. Y., Ribas, J.C., Lee, H.,
Hasegawa, P.M., Bressan, R.A., and Pardo, J.M. (2001) Resistance to the plant PR-5
protein osmotin in the model fungus Saccharomyces cerevisiae is mediated by the
regulatory effects of SSD1 on cell wall composition. Plant J. 25, 271-280.

Iseli-Gamboni, B., Boller, T., and Neuhaus, J.M. (1998) Mutation of either of two
essential glutamates converts the catalytic domain of tobacco class I chitinase into a
chitin-binding lectin. Plant Sci. 134, 45-51

Ishige, F., Mori, H., Yamazaki, K., and Imaseki, H. (1993) Cloning of a complementary
DNA that encodes an acidic chitinase which is induced by ethylene and expression of the
corresponding gene. Plant Cell Physiol. 34, 103-111.

Jach, G., Bornhardt, B., Mundy, J., Logemann, J., Pinsdorf, E., Leah, R., Schell, J., and
Maas, C. (1995) Enhanced quantitative resistance against fungal disease by combinatorial

expression of different barley antifungal proteins in transgenic tobacco. Plant J. 8, 97-
109

Jekel, P.A., Hartmann, B.H., and Beintema, J.J. (1991) The primary structure of
hevamine, an enzyme with lysozyme/chitinase activity from Hevea brasiliensis latex. Eur.
J. Biochem. 200, 123-130.

Jayaraj, J., Muthukrishanan, S., Liang, G.H., and Velazhahan, R. (2004) Jamonic acid
and salicylic acid induce accumulation of B-1,3-glucanase and thaumatin-like proteins in
wheat and enhance resistance against Stagonospora nodorum. Biologia Plant. 48, 425-
430.

Ji, C. and Kuc, J. (1996) Antifungal activity of cucumber beta-1,3-glucanase and
chitinase. Physiol. Mol. Plant Pathol. 49, 257-265.

Jongedijk, E., Tigelaar, H., Roekel-Jeroen, S.C., Bres-Vloemans, S.A., Dekker, 1., Elzen-
Peter, J.M., Cornelissen-Ben, J.C., and Melchers, L.S. (1995) Synergistic activity of

chitinases and beta-1,3-glucanases enhances fungal resistance in transgenic tomato plants.
Euphytica 85, 173-180.

Khan, A.A., Wu, J., and Shih, D.S. (1999) Cloning and sequnce analysis if a class III

chitinase gene (accession No. AF134347) from Fragaria ananassa Duch. Plant Physiol.
120, 340

99



Khan, A.A. (2002) Characterization of chitinase activities, and cloning analysis, and
expression of genes encoding pathogenesis-related proteins in strawberry. Dissertation,
Louisiana State University.

Khan, A.A. and Shih, D.S. (2004) Molecular cloning, characterization, and expression
analysis of two class II chitinase genes from the strawberry plant. Plant Sci. 166, 753-762.

Kieber, J.J., Rothenber, M., Roman, G., Feldmann, K.A., and Ecker, J.R. (1993) CTR1, a
negative regulator of the ethylene response pathway in Arabidopsis, encodes a member of
the raf family of protein kinase. Cell 72, 427-441.

Kim, M.G., Lee, K.O., Cheong, N.E., Choi, Y.O., Jeong, J.H., Cho, M.J., Kim, S.C., and
Lee, S.Y. (1999) Molecular cloning and characterization of a class III chitinase in

pumpkin leaves, which strongly binds to regenerated chitin affinity gel. Plant Sci. 147,
157-163.

Kim, S.-H., Lee, J., and Kim, S.-R. (2003) Molecular characterization of a fruit-
preferential thaumatin-like gene from apple (Malus domestica cv. Fuji). J Plant Biol 46,
52-58.

Kim, Y.J. and Hwang, B.K. (1996) Purification, N-terminal amino acid sequencing and
antifungal activity of chitinases from pepper stems treated with mercuric chloride.
Physiol. Mol. Plant Pathol. 48, 417-432.

King, G.J., Turner, V.A., Hussey, T.C., Wurtele, E.S., and Lee, M.S. (1988) Isolation and
characterization of a tomato cDNA clone which code for a salt-induced protein. Plant
Mol. Biol. 10, 401-412.

Kloepper, J.W., Leong, J., Teintze, M., and Schroth, M.N. (1980) Enhanced plant growth
by siderophores produced by plant growth-promoting rhizobacteria. Nature 286, 885—886

Koiwa, H., Kato, H., Nakatsu, T., Odu, J., Yamada, Y., and Sato, F. (1997) Purification
and characterization of tobacco pathogenesis-related protein PR-5d, an antifungal
thaumatin-like protein. Plant Cell Physiol. 38, 783-791.

Koiwa, H., Kato, H., Nakatsu, T., Oda, J., Yamada, Y., and Sato, F. (1999) Crystal
structure of tobacco PR-5d protein at 1.8 angstrom resolution reveals a conserved acidic
cleft structure in antifungal thaumatin-like proteins. J. Mol. Biol. 286, 1137-1145.

Kragh, K.M., Jacobsen, S., Mikkelsen, J.D., and Nielsen, K.A. (1993) Tissue specificity
and induction of class I, IT and III chitinases in barley (Hordeum vulgare). Physiol. Plant.
89, 490-498

Kragh, K.M., Hendriks, T., De Jong, A.J., Lo, S.F., Bucherna, N., Hojrup, P., Mikkelsen,

J.D., and De Vries, S.C. (1996) Characterization of chitinases able to rescue somatic
embryos of the temperature-sensitive carrot variant ts 11. Plant Mol.Biol. 31, 631-645.

100



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

Lamed, R., Setter, E., and Bayer, E.A. (1993) Characterization of a cellulose-binding,
cellulase-containing complex in Clostridium thermocellum. J. Bacteriol. 156, 828-836.

LaRosa, P.C., Chen, Z.T., Nelson, D.E., Singh, N.K., Hasegawa, P.M., and Bressan, R.A.
(1992) Osmotin gene expression is posttranscriptionally regulated. Plant Physiol. 100,
409-415.

Lawton, K.A., Beck, J., Potter, S., Ward, E., and Ryals, J. (1994) Regulation of cucumber
class III chitinase gene expression. Mol.Plant Microbe Interact. 7, 48-57.

Lebel, E., Heifetz, P., Thorne, L., Uknes, S., Ryals, J., and Ward, E. (1998) Functional
analysis of regulatory sequences controlling PR-1 gene expression in Arabidopsis. Plant
J. 16,223-234.

Lee, J.H., Takei, K., Sakakibara,H., Cho, H.S., Kim, D.M., Kim,Y.S., Min, S.R., Kim,
W.T., Sohn, D.Y., Lim, Y.P., and Pai, H.-S. (2003) CHRK1, a chitinase-related receptor-
like kinase, plays a role in plant development and cytokinin homeostasis in tobacco.
Plant Mol. Biol. 53, 877-890.

Lerner, D.R. and Raikhel, N.V. (1992) The gene for stinging nettle lectin (Urtica dioica
agglutinin) encodes both a lectin and a chitinase. J. Biol. Chem. 267, 11085-11091.

Liao, Y.C., Kreuzaler, F., Fischer, R., Reisener, H.J., and Tiburzy, R. (1994)
Characterization of a wheat class Ib chitinase gene differentially induced in isogenic lines
by infection with Puccinia graminis. Plant Sci. 103, 177-187.

Lin, K.C., Bushnell, W.R., Szabo, L.J., Smith, A.G. (1996) Isolation and expression of a
host response gene family encoding thaumatin-like proteins in incompatible oat-stem rust
fungus interactions. Mol. Plant Microbe Interact. 9, 511-522.

Lin, K.C., Bushnell, W.R., Smith, A.G., and Szabo, L.J. (1998) Temporal accumulation
patterns of defense response gene transcripts in relation to resistant reactions in oat
inoculated with Puccinia graminis. Physiol. Mol. Plant Pathol. 52, 95-114.

Liu, D., Raghothama, K.G., Hasegawa, P.M., and Bressan, R.A. (1994) Osmotin
overexpression in potato delays development of disease symptoms. Proc. Natl. Acad. Sci.
U.S.A. 91, 1888-1892.

Lorito, M., Woo, S.L., Dambrosio, M., Harman, G.E., Hayer, C.K., Kubicek, Cp.P., and

Scala, F. (1996) Synergistic interaction between cell wall degrading enzymes and
membrane affecting compounds. Mol. Plant-Microbe Interact. 9, 206-213.

101



Lotan, T., Ori, N., and Fluhr, R. (1989) Pathogenesis-related proteins are develop-
mentally regulated in tobacco flowers. Plant Cell 1, 881-887.

Maleck, K., Levine, A., Eulgem, T., Morgan, A., Schmid, J., Lawton, K.A., Dangl, J.L.,
and Dietrich, R.A. (2001) The transcriptom of Arabidopsis thaliana during systemic
aquired resistance. Nat. Genet. 26, 403-410.

Manning, K. (1991) Isolation of nucleic acids from plants by differential solvent
precipitation. Anal. Biochem. 195, 45-50.

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

Melchers, L.S., Sela-Buurlage, M.B., Vloemans, S.A., Woloshuk, C.P., Van Roekel, J.S.,
Pen, J., van den Elzen, P.J., and Cornelissen, B.J. (1993) Extracellular targeting of the

vacuolar tobacco proteins AP24, chitinase and beta-1,3-glucanase in transgenic plants.
Plant Mol. Biol. 21, 583-593.

Melchers, L.S., Apotheker-de Groot, M., van der Knaap, J.A., Ponstein, A.S., Sela-
Buurlage, M.B., Bol, J.F., Cornelissen, B.J., van den Elzen, P.J., and Linthorst, H.J.
(1994) Chitinases homologous to bacterial exo-chitinases displays antifungal activity.
Plant J. 5, 469-480.

Min, K., Ha, S.C., Hasegawa, P.M., Bressan, R.A., Yun, D.J., and Kim, K.K. (2004)
Crystal structure of osmotin, a plant antifungal protein. Proteins. 54, 170-173

Mouille, G., Robin, S., Lecomte, M., Pagant, S. and Hofte, H. (2003) Classication and
identication of Arabidopsis cell wall mutants using Fourier-Tranform InfraRed (FT-IR)
microspectroscopy. Plant J. 35, 393-404.

Murashima, K., Kosugi, A., and Doi, R.H. (2002) Synergestic effects on crystalline
cellulose degradation between cellulosomal cellulases from Clostridium cellulovorans. J.
Bacteriol. 184, 5088-5095.

Narasimhan, M.L., Damsz, B., Coca, M.A., Ibeas, J.I., Yun, D.J., Pardo, J.M., Hasegawa,
P.M., and Bressan, R.A. (2001) A plant defense response effector induces microbial
apoptosis. Mol. Cell 8, 921-930.

Narasimhan, M.L., Coca, M.A., Jin, J., Yamauchi, T., Ito, Y., Kadowak, T., Kim, K.K.,
Pardo, J.M., Damsz, B., Hasegawa, P.M., Yun, D.J., and Bressan, R.A. (2005) Osmotin is
a homolog of mammalian adiponectin and controls apoptosis in yeast through a homolog
of mammalian adiponectin receptor. Mol. Cell 17, 171-180.

Neale, A.D., Wahleithner, J.A., Lund, M., Bonnett, H.T., Kelly, A., Meeks-Wagner, D.R.,
Peacock, W.J., and Dennis, E.S. (1990) Chitinase, beta-1,3-glucanase, osmotin, and

102



extensin are expressed in tobacco explants during flower formation. Plant Cell 2, 673-
684.

Neuhaus, J.M., Sticher, L., Meins, F. Jr., and Boller, T. (1991a) A short C-terminal
sequence is necessary and sufficient for the targeting of chitinases to the plant vacuole.
Proc. Natl. Acad. Sci. U.S.A. 88, 10362-10366.

Neuhaus, J.M., Ahl-Goy, P., Hinz, U., Flores, S., and Meins, F.Jr. (1991b) High-level
expression of a tobacco chitinase gene in Nicotiana sylvestris. Susceptibility of transgenic
plants to Cercospora nicotianae infection. Plant Mol. Biol. 16, 141-151.

Neuhaus, J.M. (1999) “Plant Chitinases”, In: Datta SK and Muthukrishnan S., eds,
Pathogenesis-Related Proteins in Plants (CRC Press, Boca Raton), p77-98.

Newton, S.S. and Duman, J.G. (2000) An osmotin-like cryoprotective protein from the
bittersweet nightshade Solanum dulcamara. Plant Mol. Biol. 44, 581-589.

Nielsen, K.K., Mikkelsen, J.D., Kragh, K.M., and Bojsen, K. (1993) An acidic class III
chitinase in sugar beet: induction by Cercospora beticola, characterization, and
expression in transgenic tobacco plants. Mol. Plant-Microbe Interact. 6, 495-506.

Nishizawa, Y., Nishio, Z., Nakazono, K., Soma, M., Nakajima, E., Ugaki, M., and Hibi,
T. (1999) Enhanced resistance to blast (Magnaporthe grisea) in transgenic Japonica rice
by constitutive expression of rice chitinase. Theor. Appl. Genet. 99, 383-390.

Ogata, C.M., Gordon, P.F., deVos, A.M., and Kim, S.H. (1992) Crystal structure of a
sweet tasting protein thaumatin I, at 1.65 A resolution. J. Mol. Biol. 228, 893-908.

Okushima, Y., Koizumi, N., Kusano, T., and Sano, H. (2000) Secreted proteins of
tobacco cultured BY?2 cells: identification of a new member of pathogenesis-related
proteins. Plant Mol. Biol. 42, 479-488.

Osmond, R.I.W., Hrmova, M., Fontaine, F., Imberty, A., and Fincher, G.B. (2001)
Binding interactions between barley thaumatin-like proteins and (1,3)-beta-D-glucans -
kinetics, specificity, structural analysis and biological implications. Euro. J. Biochem.
268: 4190-4199.

Parsons, T.J. and Gordon, M.P. (1989) Systemic accumulation of specific mRNAs in
response to wounding in poplar. Proc. Natl. Acad. Sci. USA 86, 7895-7899.

Penninckx, I.A., Eggermont, K., Terras, F.R., Thomma, B.P., De Samblanx, G.W.,
Buchala, A., Metraux, J.P., Manners, J.M., and Broekaert, W.F. (1996) Pathogen-induced

systemic activation of a plant defensin gene in Arabidopsis follows a salicylic acid-
independent pathway. Plant Cell 8, 2309-2323.

103



Penninckx, I.A., Thomma, B.P., Buchala, A., Metraux, J.P., and Broekaert, W.F. (1998)
Concomitant activation of jasmonate and ethylene response pathways is required for
induction of a plant defensin gene in Arabidopsis. Plant Cell 10, 2103-2113.

Petersen, M. Brodersen, P., Naested, H., Andreasson, E., Lindhart, U., Johansen, B.,
Nielsen, H.B., Lacy, M., Austin, M.J., Parker, J.E., Sharma, S.B., Klessig, D.F.,
Martienssen, R., Mattsson, O., Jensen, A.B., and Mundy, J. (2000) Arabidopsis MAP
kinase negatively regulates systemic acquired resistance. Cell 103, 1111-1120.

Peumans, W.J., Proost, P., Swennen, R.L., Van Damme, E.J.M. (2002) The abundant
class III chitinase homolog in young developing banana fruits behaves as a transient
vegetative storage protein and most probably serves as an important supply of amino
acids for the synthesis of ripening-associated proteins. Plant Physiol. 130, 1063-1072.

Pieterse, C.M.J., van Wees, S.C.M., van Pelt, J.A., Knoester, M., Laan, R., Gerrits, H.
Weisbeek, P.J., and van Loon, L.C. (1998) A novel signaling pathway controlling
induced systemic resistance in Arabidopsis. Plant Cell 10, 1571-1580

Pressey, R. (1997) Two isoforms of NP24: A thaumatin-like protein in tomato fruit.
Phytochemistry 44, 1241-1245.

Ponath, Y., Vollberg, H., Hahlbrock, K., and Kombrink, E. (2000) Two differentially
regulated class II chitinases from parsley. Biol.Chem. 381, 667-678.

Punja, Z.K. (2005) Transgenic carrots expressing a thaumatin-like protein display
enhanced resistance to several fungal pathogens. Can. J. Plant Pathol. 27, 291-296.

Raghothama, K.G., Liu, D., Nelson, D.E., Hasegawa, P.M., and Bressan, R.A. (1993)
Analysis of an osmotically regulated pathogenesis-related osmotin gene promoter. Plant
Mol. Biol. 23, 1117-1128.

Raghothama, K.G., Maggio, A., Narasimhan, M.L., Kononowicz, A.K., Wang, G.,
D’Urzo, M.P., Hasegawa, P.M., and Bressan, R.A. (1997) Tissue-specific activation of
the osmotin gene by ABA, C,H4 and NaCl involves the same promoter region. Plant Mol.
Biol. 34, 393-402.

Regalado, A.P., Pinheiro, C., Vidal, S., Chaves, I., Ricardo, C.P.P., and Rodriues-
Pousada, C. (2000) The Lupinus albus class-III chitinase gene, IF3, is constitutively
expressed in vegetative organs and developing seeds. Planta 210, 543-550

Roberts, W.K. and Selitrennikoff, C.P. (1990) Zeamatin, an antifungal protein from
maize with membrane-permeabilizing activity. J. Gen. Microbiol. 136, 1771-1778.

Robinson, S.P., Jacobs, A.K., and Dry, [.B. (1997) A class IV chitinase is highly
expressed in grape berries during ripening. Plant Physiol. 114, 771-778

104



Ruperti, B., Cattivelli, L., Pagni, S., and Ramina, A. (2002) Ethylene-responsive genes
are differentially regulated during abscission, organ senescence and wounding in peach
(Prunus persica). J. Exp. Bot. 53, 429-437.

Rushton, P.J., Torres, J.T., Parniske, M., Wernert, P.I., Hahlbrock, K., and Somssich, I.E.
(1996) Interaction of elicitor-induced DNA-binding proteins with elicitor response
elements in the promoters of parsley PR1 genes. EMBO J. 26, 217-227.

Rushton, P.J. and Somssich, L.E. (1998) Transcriptional control of plant genes responsive
to pathogens. Curr. Opin. Plant Biol. 1, 311-315.

Ryals J.A., Neuenschwander, U.H., Willits, M.G., Molina, A., Steiner, H.Y., and Hunt,
M.D. (1996) Systemic acquired resistance. Plant Cell 8, 1809-1819.

Salzman, R.A., Tikhonova, I., Bordelon, B.P., Hasegawa, P.M., and Bressan RA. (1998)
Coordinate accumulation of antifungal proteins and hexoses constitutes a
developmentally controlled defense response during fruit ripening in grape. Plant
Physiol.. 117, 465-472.

Salzman, R.A., Koiwa, H., Ibeas, J.I., Pardo, J.M., Hasegawa, P.M., and Bressan RA.
(2004) Inorganic cations mediate plant PRS protein antifungal activity through fungal
Mnn1- and Mnn4-regulated cell surface glycans. Mol Plant Microbe Interact. 17, 780-
788.

Samac, D.A., Hironaka, C.M., Yallaly, P.E., and Shah, D.M. (1990) Isolation and
characterization of the genes encoding basic and acidic chitinase in Arabidopsis thaliana.
Plant Physiol. 93, 907-914.

Sato, F., Kitajima, S., Koyama, T., and Yamada, Y. (1996) 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. 37, 249-255

Schenk, P.M., Kazan, K., Wilson, 1., Anderson, J.P., Richmond, T., Somerville, S.C., and
Manners, J.M. (2000) Coordinated plant defense responses in Arabidopsis revealed by
microarry analysis. Proc. Natl. Acad. Sci. U.S.A. 97, 11655-11600.

Schraudner, M., Ernst, D., Langebartels, C., and Sandermann, H. Jr. (1992) Biochemical
plant response to ozone III. Activation of the defense-related proeins -1,3-glucanase and
chitinase in tobacco leaves. Plant Physiol. 99, 1321-1328.

Sela-Buurlage, M.B., Ponstein, A.S., Bres-Vloemans, S.A., Melchers, L.S., van den

Elzen, P.J.M., and Cornelissen, B.J.C. (1993) Only specific tobacco (Nicotiana tabacum)
chitinases and PB-1,3-glucanases exhibit antifungal activity. Plant Physiol. 101, 857-863

105



Seo, S., Sano, H., and Ohashi, Y. (1999) Jasmonate-based wound signal transduction
requires activation of WIPK, a tobacco mitogen-activated protein kinase. Plant Cell 11,
289-298.

Shih, C.Y., Khan, A.A., Jia, S., Wu, J., and Shih, D.S. (2001a) Purification,
characterization, and molecular cloning of a chitinase from the seeds of Benincasa
hispida. Biosci. Biotechnol. Biochem. 65, 501-509.

Shih, C.Y., Wu, J,, Jia, S., Khan, A.A., Ting, K.-L. H., Shih, D.S. (2001b) Purification of
an osmotin-like protein from the seeds of Benincasa hispida and cloning of the gene
encoding this protein. Plant Sci. 160, 817-826.

Shi, Y., Zhang, Y. and D.S. Shih (in press) Cloning and expression analysis of two B-1,3-
glucanase genes from Strawberry. J. Plant Physiol.

Shinshi, H., Usami, S., and Ohme-Takagi, M. (1995) Identification of an ethylene-
responsive region in the promoter of a tobacco class I chitinase gene. Plant Mol.Biol. 27,
923-932.

Shoham, Y.R., Lamed, R., and Bayer, E.A. (1999) The cellulosme concept as an efficient
microbial strategy for the degradation of insoluble polysaccharides. Trends Microbiol. 7,
275-281

Singh, N.K., Handa, A.K., Hasegawa, P.M., and Bressan, R.A. (1985) Protein associated
with adaptation of cultured tobacco cells to NaCl. Plant Physiol. 79, 126-137.

Skadsen, R.W., Sathish, P., and Kaeppler, H.F. (2000) Expression of thaumatin-like
permatin PR-5 genes switches from the ovary wall to the aleurone in developing barley
and oat seeds. Plant Sci. 156, 11-22.

Skriver, K. and Mundy, J. (1990) Gene expression in response to abscisic acid and
osmotic stress. Plant Cell 2, 503-512.

Smith, B.J. and Black. L.L. (1986) Morphological, cultural, and pathogenic variation
among Colletotrichum species isolated from strawberry. Plant Dis. 74, 69-76

Smith, B.J., Black, L.L., and Galleta, G.J. (1990) Resistance to Colletotrichum fragariae
in strawberry affected by seedling age and inoculation method. Plant Dis. 74: 1016-1021.

Solano, R., Stepanova, A., Chao, Q., and Ecker, J.R. (1998) Nuclear events in ethylene
signaling: a transcriptional cascade mediated by ETHYLENE-INSENSITIVE3 and
ETHYLENE-RESPONSE-FACTORI. Genes Dev. 12, 3703-3714.

Spoel, S.H., Koornneef, A., Claessens, S.M.C., Korzelius, J.P., Van Pelt, J.A., Mueller,

M.J., Buchala, A.J., Metraux, J.P., Brown, R., Kazan, K., Van Loon, L.C., Dong, X.N.,
and Pieterse, C.M.J. (2003) NPR1 modulates cross-talk between salicylate- and

106



jasmonate-dependent defense pathways through a novel function in the cytosol. Plant
Cell 15, 760-770.

Standford, A., Bevan, M., and Northcote, D. (1989) Differential expression within a
family of novel wound induced genes in potato. Mol. Gen. Genet. 215, 200-208.

Staswick, P.E., Tiryaki, 1., and Rowe, M.L. (2002) Jasmonate response locus JAR1 and
several related Arabidopsis genes encode enzymes of the firefly luciferase superfamily

that show activity on jasmonic, salicylic, and indole-3-acetic acids in an assay for
adenylation. Plant Cell 14, 1405-1415.

Stressmann, M., Kitao, S., Griffith, M., Moresoli, C., Bravo, L.A., and Marangoni, A.G.
(2004) Calcium interacts with antifreeze proteins and chitinase from cold-acclimated
winter rye. Plant Physiol. 135, 364-376.

Suarez, V., Staehelin, C., Arango, R., Holtorf, H., Hofsteenge, J., and Meins, F. Jr. (2001)
Substrate specificity and antifungal activity of recombinant tobacco class I chitinases.
Plant Mol. Biol. 45, 609-618.

Sutoh, K., and Yamauchi, D. (2003) Two cis-acting elements necessary and sufficient for
gibberellin-upregulated proteinase expression in rice seeds. Plant J. 34, 636-645.

Suzukawa, K., Yamagami, T., Ohnuma, T., Hirakawa, H., Kuhara, S., Aso, Y., and
Ishiguro, M. (2003) Mutational analysis of amino acid residues involved in catalytic
activity of a family 18 chitinase from tulip bulbs. Biosci. Biotech. Biochem. 67, 341-346.

Tabei, Y., Kitade, S., Nishizawa, Y., Kikuchi, N., Kayano, T., Hibi, T., and Akutsu, K.
(1998) Transgenic cucumber plants harboring a rice chitinase gene exhibit enhanced
resistance to gray mold (Botrytis cinerea). Plant Cell Rep. 17, 159-164.

Terwisscha van Scheltinga, A.C., Kaalk, K.H., Beintema, J.J., and Dijkstra, B.W. (1994)
Crystal structures of heveamine, a plant defense protein with chitinase and lysozyme
activity, and its complex with an inhibitor. Structure 2, 1181-1189

Terwisscha van Scheltinga, A.C., Armand, S., Kalk, D.H., Isogai, A, Henrissat, B., and
Dijkstra, B.W. (1995) Sterechemistry of chitin hydrolysis by plant chitinase/lysozyme
and X-ray structure of a complex with allosamidin: Evidence for substrate assisted
catalysis. Biochem. 34, 15619-15623

Terwisscha van Scheltinga, A.C., Hennig, M., and Dijkstra, B.W. (1996) The 1.8 A
resolution structure of hevamine, a plant chitinase/lysozyme, and analysis of the

conserved sequence and structure motifs of glycosyl hydrolase family 18. J. Mol. Biol.
262, 243-257

Thatcher, L.F., Anderson, J.P., and Singh, K.B. (2005) Plant defense response: what have
we learnt from Arabidopsis? Fuct. Plant Biol. 32, 1-19

107



Trudel, J. and Asselin, A. (1989) Detection of chitinase activity after polyacrylamide gel
electrophoresis. Anal. Biochem. 178, 362-366.

Trudel, J., Grenier, J., Potvin C., and Asselin, A. (1998) Several thaumatin-like proteins
bind to B-1,3-glucans. Plant Physiol. 118, 1431-1438.

Truong, N.-H., Park, S.-M., Nishizawa, Y., Watanabe, T., Sasaki, T., and Itoh, Y. (2003)
Structure, heterologous expression, and properties of rice (Oryza sativa L.) family 19
chitinases. Biosci. Biotech. Biochem. 67, 1063-1070.

Turner, J.G., Ellis, C., and Devoto, A. (2002) The jasmonate signal pathway. Plant Cell
14 Supplement, S153-S164.

Uknes S., Mauch-Mani B., Moyer M., Potter S., Williams S., Dincher S., Chandler D.,
Slusarenko A., Ward E., and Ryals J. (1992) Acquired resistance in Arabidopsis. Plant
Cell 4, 645-656.

Vanderwe, H. and Loeve, K. (1972) Isolation and characterization of thaumatin I and II,
the sweet tasting proteins from Thaumatococcus deniellii Benth. Eur. J. Biochem. 31,
221-225.

Van Hengel, A.J., Tadesse, Z., Immerzeel, P., Schols, H., van Kammen, A., and de Vries,
S.C. (2001) N-acetylglucosamine and glucosamine-containing arabinogalactan proteins
control somatic embryogenesis. Plant Physiol. 125, 1880-1890.

Van Loon, L.C. and Van Kammen, A. (1970) Polyacrylamide disc electrophoresis of the
soluble leaf proteins from Nicotiana tabacum var. “Smsun” and “Samsun NN” IL.
Changes in protein constitution after infection with tobacco mosaic virus. Virology 40,
199-206.

Van Loon, L.C., Bakker, P.A.H.M., and Pieterse, C.M.J. (1998) Systemic resistance
induced by rhizosphere bacteria. Annu. Rev. Phytopathol. 36, 453-483.

Van Loon, L.C. (1999) Occurrence and properties of plant pathogenesis-related proteins.
In “Pathogenesis-related proteins in plants”, eds. Datta, S.K. and Mathukrishnan, S.,
CRC Press, Boca Raton, pp. 1-19

Van Wees, S.C.M., Luijendijk, M., Smoorenburg, 1., Van Loon, L.C., and Pieterse, C.M.J.
(1999) Rhizobacteria-mediated induced systemic resistance (ISR) in Arabidopsis is not
associated with a direct effect on expression of known defense-related genes but
stimulates the expression of the jasmonate-inducible gene Atvsp upon challenge. Plant
Mol. Biol. 41, 537-549.

Vasse, J., de Billy, F., and Truchet, G. (1993) Abortion of infection during the Rhizobium

meliloti—alfalfa symbiotic interaction is accompanied by a hypersensitive reaction. Plant
J. 4, 555-566.

108



Velazhahan, R., Cole, K.C., Anuratha, C.S., and Muthukrishnan, S. (1998) Induction of
thaumatin-like proteins (TLPs) in Rhizoctonia solani-infected rice and characterization of
two new cDNA clones. Physiol. Plant. 102, 21-28.

Velazhahan R, Datta SK, and Muthukrishnan S. (1999) The PR-5 family: Thaumatin-like
proteins. In “Pathogenesis-related proteins in plants”, eds. Datta, S.K. and
Muthukrishnan, S., CRC Press, Boca Raton, pp107-129.

Velazhahan, R., and Muthukrishnan, S. (2003) Transgenic tobacco plants constitutively
overexpressing a rice thaumatin-like protein (PR-5) show enhanced resistance to
Alternaria. Biol. Plant 47, 347-54.

Verburg, J.G., Simth, C.E., Lisek, C.A., and Khai Huynh, Q., (1992) Identification of an
essential tyrosine residue in the catalytic site of a chitinase isolated form Zea mays that is
selectively modified during inactivation with 1-ethyl-3-(3-dimethylamiopropyl)-
carbodiimide. J. Biol. Chem. 267, 3886-3893

Verburg, J.G., Rangwala, S.H., Samac, D.A., Luckow, V.A., and Khai Huyah, Q. (1993)
Examination of the role of trysoine-174 in the catalytic mechanism of the Arabidopsis
thaliana chitinase: comparison of variant chitinases generated by site-directed

mutagenesis and expressed in insect cells using baculovirus vectors. Arch. Biochem.
Biophys. 300, 223-230

Vigers, A.J., Wiedemann, S., Roberts, W.K., Legrand, M., Selitrennikoff, C.P., Fritig, B.
(1992) Thaumatin-like pathogenesis-related proteins are antifungal. Plant Sci. 83, 155-
161.

Wang, K.L.C, Li, H., and Ecker, J.R. (2002) Ethylene biosynthesis and signaling
networks. Plant Cell 14 Supplement, S131-S151.

Ward, E.R., Uknes, S.J., Williams, S.C., Dincher, S.S., Wiederhold, D.L., Alexander,
D.C., Ahl-Goy, P., Metraux, J.-P., and Ryals, J.A. (1991) Coordinate gene activity in
response to agents that induce systemic acquired resistance. Plant Cell 3, 1085-1094.

Watanabe, A., Nong, V.H., Zhang, D., Arahira, M., Yeboah, N.A., Udaka, K., and
Fukazawa, C. (1999) Molecular cloning and ethylene-inducible expression of Chibl
chitinase from soybean (Glycine max L. Merr.) Biosci.Biotechnol.Biochem. 63, 251-256

Woloshuk, C.P., Meulenhoff, J.S., Sela-Buurlage, M., Van den Elzen, P.J., and
Cornelissen, B.J. (1991) Pathogen-induced proteins with inhibitory activity toward
Phytophthora infestans. Plant Cell 3, 619-628.

Wu, S., Kriz, A.L., and Widholm, J.M. (1994) Molecular analysis of two cDNA clones
encoding acidic class I chitinase in Maize. Plant Physiol. 105, 1097-1105

109



Wu, C.-T. and Bradford, K.J. (2003) Class I chitinase and B-1,3-glucanase are
differentially regulated by wounding, methyl jasmonate, ethylene and gibberellin in
tomato seeds and leaves. Plant Physiol. 133, 263-273.

Wu, J., Khan, A.A., Shih, C.T., and Shih, D.S. (2001) Cloning and sequence
determination of a gene encoding an osmotin-like protein from strawberry (Fragaria
ananassa Dutch). DNA Seq. 12, 447-453.

Xie, D.X., Feys, B.F., James, S., Nieto-Rostro, M., and Turner, J.G. (1998) COI1: An
Arabidopsis gene required for jasmonate-regulated defense and fertility. Science 280,
1091-1094.

Xu, Y., Chang, P.F., Liu, D., Narasimhan, M.L., Raghothama, K.G., Hasegawa, P.M.,
and Bressan, R.A. (1994) Plant defense genes are synergistically induced by ethylene and
methyl jasmonate. Plant Cell 6, 1077-1085.

Yamamoto, S., Nakano, T., Suzuki, K., and Shinshi, H. (2004) Elicitor-induced activation
of transcription via W box-related cis-acting elements from a basic chitinase gene by
WRKY transcription factors in tobacco. Biochimica et Biophysica Acta 1679, 279-287

Yeh, S., Moffatt, B.A., Griffith, M., Xiong, F., Yang, D.S.C., Wiseman, S.B., Sarhan, F.,
Danyluk, J., Xue, Y.Q., Hew, C.L., Doherty-Kirby, A., and Lajoie, G. (2000) Chitinase
genes responsive to cold encode antifreeze proteins in winter cereals. Plant Physiol. 124,
1251-1263

Yu, X. and Griffith, M. 1999 Antifreeze proteins in winter rye leaves form oligomeric
complexes. Plant Physiol. 119, 1361-1369

Yu, D., Chen, C., Chen, Z. (2001) Evidence for an important role of WRKY DNA
binding proteins in the regulation of NPR1 gene expression. Plant Cell 13, 1527-1540

Yun, D., D’Urzo, M.P., Abad, L., Takeda, S., Salzman, R., Chen, Z., Lee, H., Hasegawa,
P.M., and Bressan, R.A. (1996) Novel osmotically induced antifungal chitinases and
bacterial expression of an active recombinant isoform. Plant Physiol. 111, 1219-1225

Yun, D.J,, Ibeas, J.I., Lee, H., Coca, M.A., Narasimhan, M.L., Uesono, Y., Hasegawa,
P.M., Pardo, J.M., and Bressan, R.A. (1998) Osmotin, a plant antifungal protein, subverts
signal transduction to enhance fungal cell susceptibility. Mol. Cell 1, 807-817.

Zhao, K.-J. and Chye, M.-L. (1999) Methyl jasmonate induces expression of a novel
Brassica juncea chitinase with two chitin-binding domains. Plant Mol. Biol. 40, 1009—
1018.

Zhang, D., Hrmova, M., Wan, C.-H., Wu, C., Balzen, J., Cai, W., Wang, J., Densmore,
L.D., Fincher, G.B., Zhang, H., and Haigler, C.H. (2004) Members of a new group of
chitinase-like genes are expressed preferentially in cotton cells with secondary walls.
Plant Mol. Biol. 54, 353-372.

110



Zhang, Y., Fan, W., Kinkema, M., Li, X., and Dong, X. (1999) Interaction of NPR1 with
basic leucine zipper protein transcription factors that bind sequences required for salicylic
acid induction of the PR-1 gene. Proc. Natl. Acad. Sci. U.S.A. 96, 6523-6528.

Zhou, J.M., Trifa, Y., Silva, H., Pontier, D., Lam, E., Shah, J., and Klessig, D.F. (2000)
NPR1 differentially interacts with members of the TGA/OBF family of transcription
factors that bind an element of the PR-1 gene required for induction by salicylic acid. Mol.
Plant Microbe Interact. 13, 191-202.

Zhu, B.L., Chen, T.H.H., and Li, P.H. (1995a) Expression of three osmotin-like protein
genes in response to osmotic-stress and fungal infection in potato. Plant Mol. Biol. 28,
17-26.

Zhu, B.L., Chen, T.H.H., and Li, P.H. (1995b) Activation of two osmotin-like protein
genes by abiotic stimuli and fungal pathogen in transgenic potato plants. Plant Physiol.
108, 929-937.

Zverlov, V.V., Fuchs, K.P., and Schwarz, W.H. (2002) Chil8A, the endochitinase in the

cellulosome of the thermophilic, cellulolytic bacterium Clostridium thermocellum. Appl.
Environ. Microbiol. 68, 3176-3179.

111



APPENDIX:

LETTER OF PERMISSION

Our reference  JPLPH 50213 Pcopynight-vE/2008
ELSEVIER GMBH
TRANSFER OF COPYRIGHT AGREEMENT
Joumal publishers and Iullwrl share 4 common interest in the p ion of i) authors princi) hecause they want their creative warks
o be from and other uses, | blish because they need o protect their work and investment in the production,

marketing and distribution of the published version of the article. Tn order 1o do s0 effectively, publishers request o formal written trunsfier of
copyright from the suthos(s) for each article published. Publishers and suthors are also concerned (bt the integrity of the official record of
publication of wn article (vnce refereed wnd published) be mmninined, und 1w order to proteet thut referenee value and validation process, we ask
(hat wuthors that ng through the Internet/WWW or other on-line means) of the suthoritative version of the anticle as
published is best ndministered by the Publisher.

To avoid any delay in the publication of your article, please read the 1enns of this agreement, sign in the space provided and retum the complete
form 10 us at the address below as quickly as possible.

Article entitled:  Tsalation of an asmatin-like protein gene from strawherry and analysis of the response of this gene to abiotic siresses
Corresponding author:  Dr, Ding 5. Shih

Ta e published in the journal: Journal of Plant Physiology

1 hereby aysign to Elsevier GmbH

the copyright in the munusenpl identificd sbove and uny suppl | I or other ith (the "article™)
in all formys and media (whether now known or hereatter developed), d:lwlhout the world, in all languages, for the full term of copyright and all
cxicnsions and renewals thereof, effective when and if the anticle is nnn:pwd for n-uhllcnm Thm transfer incledes the right o mdapt the
presentation of the anticle for use in ion with systems and T ion ar publication in machine-readable

form and incorporation in electronic retrieval gystems.

Authors re@in or are hereby pranted (withowt the need to obtain further permission) rights 1o use the article for taditional scholaship
comimnications, for teaching, and for distribution within their institution, as set oul in the Geoeral Ternms of Publicution (sce nole 1), and also
agres 1o the other terms

E‘ 1 um the sole suthor of the manuscript

1 um one wuthor signing on behall of all co-authors of the manuscript

] Thearticle is a ‘work made for hire’ and T am signing as an authorized ive of the emplaying comg
]

.

| |

TamaUs G P and there is no ight to transfer, but T affirm the author warranties (see notes 3 and 4)

Tam a co-author who is not a US Government employee but whose co-authors are government employess (see note 4)

T am am employee of the UK, Cumadivn or Austrlizn Government elaiming Crown Copyright, but | affinn the suthor warmanties (sec noie 5)
1 am & co-author who is not claiming Crown Copyright but whose co-authom are employees of the UK, Canadian or Australian Government
{sec note 5)

s appropriate) and then sign and date the document in black ink. A

Nume printed: -Dfﬂé? S 5

Title and Ci

A{g[gﬁ 3 2o0b

Data Protection: By submitting this form you ane consenting thul the personul informution provided herein muy be used by Elsevier Lid. and ity
uffilinted compunicy worldwide lo contacl you converning the publishing of your article wnd We respect
your privacy. Il you do NOT wish to receive news, promotions and special offers lbmnmn'pmdunsndum:u, ﬂt:nplme mld:ﬂusbml[ ].
See alzo the Flsevier website ar hitp:/waw. elsevier.com and click Privacy Policy.

E‘wm}lumlhcmpiemmﬁpuhﬁgimluﬂhhfumbymnﬂwaanmdesimdeWmLMulmﬂ
your files, o

Elsevier Jena, Germany B

Editorial-Production Pmﬂ‘ PIL: 50176-1617(06)00076-9
Journal of Plant Physiology JPLPH|50213

Loebdergraben 14 T

D-07743 Jena

Crermumy
Fax: +49 (0)3641 626 462
Fanail: i koch@elsevier com

112



VITA

Yuhua Zhang attended Nankai University from 1996 to 2000 where she received
a Bachelor of Science degree in biochemistry. She was admitted to Louisiana State
University in 2000. Presently, she is a candidate for the degree of Doctor of Philosophy
in biochemistry. That degree will be conferred on Ms. Zhang at the May 2006

Commencement.

113



