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ABSTRACT

Chitinase is an enzyme that catalyzes the hydrolysis of chitin, an essential
component of the cell walls of many fungi. Plant chitinases have been implicated
in plant defense against pathogens. In plants, chitinase often exists as isoforms
and three classes of chitinases have been proposed. In this study, isolation,
characterization and expression of chitinase genes in Kentucky bluegrass (Poa
pratensis L.) were studied.

With primers designed from conserved regions of chitinase genes from other
plant species, a 710 bp fragment (CH710) containing a partial chitinase gene
sequence was amplified from Kentucky bluegrass by PCR. Using cassette-
ligation mediated PCR, we amplified four 5’ and five 3' unknown sequences
flanking CH710. The sequence information of these flanking fragments led us to
the amplification of three genomic sequences from Kentucky bluegrass by PCR,
KBCH1, KBCH2 and KBCH3, which contain full coding regions of chitinase

genes. The chitinase genes carrying KBCH1, KBCH2 and KBCH3 were



designated as chi1, chi2 and chi3, respectively. Southern blot hybridization
indicated the presence of more than seven chitinase genes in the Kentucky
bluegrass genome.

Chi1 and chi2 each contain an open reading frame with no introns, encoding
polypeptides of 340 and 320 amino acids, respectively. Both CHI1 and CHI2,
the predicted proteins encoded by chif and chi2, are class | chitinases and share
94% amino acid identity. CHI1 has a short C-terminal extension, implicating that
this protein may be a vacuolar protein. Although chi3 has high sequence
similarity to chi1 and chi2, the potential open reading frame of chi3 is interrupted
by a translation termination codon at the 51st amino acid indicating that it does
not encode a functional chitinase.

In this study, the expression of chitinase genes in Kentucky bluegrass under
various stress conditions was also investigated. RNA blét hybridization showed
that stresses such as cold, heat, salicylic acid and ethephon all induced an
increased accumulation of chitinase mMRNA in Kentucky bluegrass leaves with
ethephon leading to the highest induction. After ethephon treatment, the
accumulation of chitinase transcripts at a high level was observed from 2 days to
5 days. The expression of two individual chitinase genes, chi1 and chi2, was

shown to be stimulated, while being coordinately regulated, by ethephon.
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CHAPTER|

INTRODUCTION

Plants interact with pathogens in many different ways. Most plants are
resistant to majority of pathogens. Nevertheless, many economic crops are
susceptible to microbial pathogens, which can cause enormous crop losses.
Thus, understanding the mechanisms of plant resistance is of great significance
in developing novel pathogen control strategies and reducing the tremendous
crop losses each year caused by disease problems.

Genetic studies of plants and pathogens have shown that a resistance
gene (R) must be present in plants which are resistant to a particular pathogen
race. But R genes are not the only plant genes required for a successful
resistance response, as suggested by recent studies (Martin et al., 1993). In
response to pathogen attack and other environmental stresses, plants also
produce a variety of defense proteins, in addition to the activation of a particular
R gene, to protect themselves. These inducible responses include synthesis of
low-molecular-weight phytoalexins, production of hydrolytic enzymes such as
chitinase and p-1,3-glucanase and other pathogenesis-related (PR) proteins, and
deposition of new cell wall material including lignin and callose as a barrier to

invading pathogens (Collinge and Slusarenko, 1987; Dixon and Harrison, 1990).



Of these defense responses, the induction of chitinase in plants by microbial
pathogens and other stresses is particularly interesting since plant chitinases
have been shown to have an antifungal property (Mauch et al., 1988b).

Many chitinases and chitinase-encoding genes have been purified or
isolated and characterized in numerous dicot plants, as well as in some
monocots, such as barley (Swegle et al., 1989), rice (Huang et al., 1991;
Nishizawa and Hibi, 1991; Nishizawa et al., 1993; Zhu and Lamb, 1991), wheat
(Ride and Barber, 1990; Liao et al., 1994), maize (Huynh et al., 1992; Wu et al.,
1994), and garlic (Van Damme et al., 1993). However, no studies on cloning of
chitinase genes from turfgrass species have been reported. This research is
aimed at learning about the structures of chitinase genes and understanding
their regulation and expression in Kentucky bluegrass, an important turfgrass
species. The results of this research should provide information useful for

genetic engineering of turfgrasses with enhanced disease resistance.

LITERATURE REVIEW

Definition and Biochemical Properties of Chitinases
Chitin, an insoluble, linear B-1,4-linked polymer of N-acetylglucosamine

(GIeNAc), is a structural component in a diverse array of organisms, including



fungi, insects, crustaceans, and nematodes (Cabib, 1987). These chitin-
containing organisms produce chitinases which hydrolyze chitin. In other
organisms which don'’t contain chitin, such as plants and bacteria, chitinases are
also produced. Chitinases (EC 3. 2. 1. 14) are defined as enzymes which cleave
a bond between the C1 and C4 of two consecutive N-acetylglucosamines of
chitin. There are two types of chitinases: endochitinases and exochitinases.
Cleavage by endochitinases occurs randomly at internal points of chitin and
produces soluble, low-molecular weight multimers of GIcNAc such as
chitotetraose and chitotriose and the dimer, di-acetylchitoboiose, with the dimer
being predominant. On the other hand, exochitinases catalyze chitin in a
different manner by progressively releasing di-acetylchitobiose, with no mono- or
oligo-saccharides formed. Other related enzymes, such as jB-N-
acetylglucosaminidases and chitobiases, have also been characterized. Usually
beta-N-acetylglucosaminidase is defined as an enzyme releasing N-
acetylglucosamine (GIcNAc) monomers from its oligomers. Chitobiase
hydrolyses chitobiose.

A number of assaying methods can be applied to measure both endo-
and exo-chitinase enzyme activity. Among these are colorimetric, radiochemical,
and gel electrophoresis-based assays (Collinge et al., 1993).

Generally, plant chitinases are endochitinases. Many purified plant

endochitinases also display some degree of lysozyme activity (EC 3. 2. 1. 17)



(Boller, 1988), and can hydrolyze the glycosidic bond between the C1 of N-
acetylmuramic acid (MurNAc) and the C4 of N-acetylglucosamine in bacterial
peptidoglycan. The molecular weight of plant chitinases ranges from 25 kDa to

36 kDa.

Occurrence and Classification of Plant Chitinases

Plant chitinase proteins have been purified and studied in many plant
species, including both dicotyledonous and monocotyledonous plants. Some of
these plant species are bean (Awade et al., 1989; Boller, 1988; de Tapia et al.,
1986), tobacco (Legrand et al., 1987; Meins and Ahl, 1989; Vogeli-Lange et al.,
1988), tomato (Joosten and de Wit, 1989), cucumber (Metraux et al., 1988),
melon (Roby and Esquerre-Tugaye, 1987), Arabidopsis (Verburg and Huynh,
1991), sugarbeet (Fleming et al., 1991), potato (Komrink et al., 1988), pea
(Mauch et al., 1988a; Vad et al., 1991), rapeseed (Rasmussen et al., 1992a and
1992b), rice (Huang et al., 1991; Nishizawa and Hibi, 1991; Nishizawa et al.,
1993; Zhu and Lamb, 1991), barley (Kragh et al., 1990; Leah et al., 1991), maize
(Huynh et al., 1992; Nasser et al., 1988; Verburg et al., 1992), and wheat (Ride
and Barber, 1990). Chitinases have been found in a wide variety of plant organs
or tissues, including leaves, stems, roots, flowers, seeds, embryos, cotyledons,

cell suspension cultures, calli, and protoplasts. The expression level of



chitinases in healthy plants is generally very low, although it varies in different
tissues.

Three classes of plant chitinases have been proposed based on the
primary structure (Payne et al., 1990). Class | chitinases have an N-terminal
cysteine-rich domain of approximately 40 amino acids in length and a highly
conserved catalytic domain. The cysteine-rich domain is separated from the
catalytic domain by a variable hinge region. Class | chitinases are usually basic
and include most plant chitinases characterized so far, such as chitinases in
bean, tobacco, Arabidopsis, potato, sugarbeet, pea, poplar, and barley.

Class Il chitinases have high sequence similarity to class | chitinases but
lack the N-terminal cysteine-rich domain. Class Il chitinases are acidic and have
been found in tobacco, petunia, and barley.

Class lll chitinases show no amino acid sequence homology to those in
class | or class Il chitinases and also lack the N-terminal cysteine-rich domain.
Class lll chitinases are either acidic or basic and have been found in bean,
tobacco, Arabidopsis, cucumber, and sugarbeet.

Some chitinases, such as basic sugarbeet chitinases (Mikkelsen et al.,
1992), basic rapeseed chitinase ChB4 (Rasmussen et al., 1992a and 1992b),
and acidic bean PR4 chitinase (Margis-Pingeiro et al., 1991), contain a cysteine-

rich domain and a conserved catalytic domain like class | chitinases, but are



significantly smaller due to four deletions. These chitinases may represent a
new class of chitinases, class IV (Collinge et al., 1993).

The N-terminal cysteine-rich domain of class | chitinases is a chitin-
binding domain and is also found in other proteins such as the wound-induced
proteins in potato (Stanford et al., 1989), hevein proteins (Broekaert et al., 1990),
wheat germ agglutinin (Raikhel and Wilkins, 1987) and nettle lectin (Broekaert et
al., 1989). Comparison of their amino acid sequences suggests that these
proteins may have evolved from the same ancestral gene by gene duplication or
by gene fusion events (Chrispeels and Raikhel, 1991).

An essential tyrosine residue in the catalytic site is found crucial for the
catalytic activity of most basic chitinases such as those from Arabidopsis, bean,
tobacco, potato, barley and maize (Verburg et al, 1992). In rice, a
phenylalanine residue, instead of tyrosine, was found essential for the catalytic

mechanism (Zhu and Lamb, 1991).

Subcellular Localization of Plant Chitinases

Studies on localization of different chitinase isozymes by
immunocytochemical techniques and cell fractionation approaches have shown
that most class | chitinases are localized intracellularly in vacuoles, whereas
other chitinases are localized in the extracellular space (Boller and Vogeli, 1984,

Boller and Metraux, 1988; Mauch and Staehelin, 1989).



Some studies have demonstrated that a short C-terminal amino acid
sequence present in a basic class | chitinase of tobacco is both necessary and
sufficient for vacuolar targeting (Neuhaus et al., 1991b). A similar short C-
terminal amino acid sequence for vacuolar targeting was also found in the basic
chitinases from bean (Broglie et al., 1986), potato (Gaynor, 1988), Arabidopsis
(Samac et al., 1990) and poplar (Parsons et al., 1989). However, there is no

sequence homology between each other.

Regulation of Plant Chitinases

In general, chitinases are expressed at a very low basal level in healthy
plants. However, chitinases accumulate to a high level upon the induction by
various factors including pathogen infection, elicitor treatment, chemical stress,
UV light treatment or wounding (for review, see Collinge et al., 1993).

Infection of plants with viruses, bacteria, or fungi can dramatically
enhance chitinase induction. It has been found that the accumulation of the
induced chitinase occurs earlier in resistant plant cultivars than in susceptible
cultivars (Daugrois et al., 1990). In the later stages of infection, however,
chitinase accumulates to a similar level in both resistant and susceptible plants
(Daugrois et al., 1990).

Treatment of plants with ethylene induces the accumulation of basic or

acidic chitinases in various plant species including bean (Boller et al., 1983;



Broglie et al., 1986), tobacco (Keefe et al., 1990), Arabidopsis (Samac et al.,
1990) and rice (Nishizawa and Hibi, 1991). Ethylene is considered an
endogenous signal for chitinase induction since increased biosynthesis of
ethylene in plants has been shown to accompany treatments with elicitors or
pathogen infection, and an inhibitor of ethylene biosynthesis has been shown to
reduce chitinase accumulation in some plant species (Broglie et al., 1989).
However, the role of ethylene as a signal for chitinase induction is not yet clear
and may be different from species to species. It has been demonstrated that
chitinase induction is ethylene-independent in some plant species (Mauch et al.,
1984).

Recently, salicylic acid has been suggested as an important endogenous
signal for the induction of systemic acquired resistance in plants (Gaffeny et al.,
1983; Ward et al., 1991; Yalpani et al., 1991). Acidic chitinases from Azuke
bean (Ishige et al., 1993), cucumber (Metraux et al., 1989) and garlic (Van
Damme et al., 1993) have been induced and characterized after treatment with
salicylic acid.

Heavy metal compounds, such as mercuric chloride, are also inducers for
plant chitinases. Two acidic chitinases from bean (Margis-Pingeiro et al., 1991;
de Tapia et al., 1986) and four chitinases from maize (Nasser et al., 1988) have

been induced by mercuric chloride.



Chitinases are also developmentally regulated in flowers, roots and basal
leaves of tobacco (Lotan and Fluhr, 1989; Memelink et al., 1990; Neale et al.,
1990) and Arabidopsis (Samac and Shah, 1991), as well as in pea pods (Mauch
et al., 1988a) and in cereal grain (Jacobsen et al., 1990; Leah et al., 1991). Itis
not clear what roles chitinases play in plant development. However, recent
observations that an extracellular chitinase can rescue a carrot mutant that fails
to undergo somatic embryogenesis (de Jong et al., 1992) may imply such a

function.

Molecular Cloning of Plant Chitinase Genes

Chitinase genes and complementary DNA clones for chitinases have
been isolated in many plant species, especially in dicotyledonous plants. The
general strategy for cloning genes encoding plant chitinases is via genomic DNA
library or cDNA library screening with a homologous or heterologous probe.
Cloning of genomic genes or cDNAs encoding chitinase has so far been reported
in bean (Broglie et al., 1986; Margis-Pingeiro et al., 1991) tobacco (Lawton et al.,
1992; Payne et al., 1990; Shinshi et al., 1990; Van Buuren et al., 1992), tomato
(Danhash et al., 1993), cucumber (Lawton et al., 1994; Metuaux et al., 1989),
potato (Gaynor and Unkenholz, 1989; Laflamme and Roxby, 1989), Arabidopsis
(Samac et al., 1990), poplar (Davis et al., 1991), peanut (Herget et al., 1990),

petunia (Linthorst et al., 1990), rapeseed (Rasmussen et al., 1992a), sugarbeet



(Nielsen et al., 1993), barley (Swegle et al., 1989), rice (Huang et al., 1991,
Nishizawa and Hibi, 1991; Nishizawa et al., 1993; Zhu and Lamb, 1991), and
garlic (Van Damme et al., 1993).

In most cases, plant chitinases are encoded by a small multigene family.
However, in Arabidopsis, both basic and acidic chitinase genes are encoded by
single-copy genes (Samac et al., 1990). Usually, the length of coding region of
plant chitinases is about 1.0 kb. Chitinase genes in some plants, such as
Arabidopsis (Samac et al., 1990) and tobacco (Shinshi et al., 1990), contain one

or two introns, while most others do not contain any introns.

Roles of Chitinases in Plants

Since plant chitinases can be induced by pathogen attack and other
various stresses, it has been speculated that they are involved in plant defense
mechanisms. Responding to biotic or abiotic stresses, plants simultaneously
produce many pathogenesis-related (PR) proteins, which form a complex
defense system. Therefore, it is difficult to determine the specific role of
chitinase. Evidence for the participation of plant chitinases in defense comes
from the different responses of resistant (incompatible) and susceptible
(compatible) cultivars to fungal infection. In general, chitinase accumulates more
rapidly and in some instances at a higher concentration in resistant cultivars than

in susceptible cultivars. In an incompatible interaction between plant and a

10



pathogen, a hypersensitive reaction with very rapid, localized cell death usually
occurs in the early stage of infection, which may act as a signal for the induction
of PR-proteins, including chitinase, in the surrounding cells or tissues.

Various in vitro studies have demonstrated that purified plant chitinase
can inhibit the growth of some fungi (Schlumbaum et al., 1986) and, when
chitinase is in combination with B-1, 3-glucanase, the inhibition function is
effective on more fungal species (Mauch et al., 1988b). In vivo studies with
immunocytochemical techniques directly show that plant chitinase accumulates
and interacts with the cell walls of the invading fungi in fungus-infected tomato
(Benhamou et al., 1990).

With respect to their localization, it has been proposed that extracellular
chitinases may be involved partly in an early disease response while vacuolar
chitinases function in a delayed fashion following cell collapse (Graham and
Sticklen, 1994).

As discussed before, chitinase genes are also expressed in a tissue-specific
pattern in healthy plants, indicating that they may have a role in plant
development. A recent study showed the importance of an acidic endochitinase
in the early somatic embryo development of carrot (de Jong et al., 1992). The
results demonstrated that this chitinase was essential for the completion of

embryo development in a temperature-sensitive carrot mutant cell line at a non-
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permissive temperature. The activity of chitinase is much higher in roots, lower

leaves, and flowers than in stems and upper leaves.

Genetic Engineering of Plants with Chitinase Genes

Transgenic techniques have been applied widely for assessing gene
regulation and gene expression. They also provide a valuable tool for genetic
engineering of disease resistant plants. With its antifungal property, plant
chitinase is a potential candidate for genetically engineering plants for improved
fungal disease resistance. Based on the fact that the production of chitinase in
plants responding to pathogen attack is race-nonspecific, one can speculate that
the over-expression of a chitinase gene in transgenic plants may result in
enhanced resistance to more than one fungal pathogen.

Transgenic tobacco plants were constructed to constitutively express a
basic bean chitinase gene at a high level under control of the cauliflower mosaic
virus 35S promoter. These plants showed enhanced resistance to Rhizoctonia
solani (Broglie et al., 1991). Studies on transgenic tobacco which expressed two
bacterial chitinase genes at high levels demonstrated that the degree of
resistance to Rhizoctonia solani increased with the level of chitinase gene
expression. The reduction in disease severity obtained was up to 40%

(Dunsmuir et al., 1993).
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In another study, however, transgenic tobacco constitutively expressing a
tobacco chitinase gene accumulated up to 120-fold more active chitinase than
non-transformed plants, but did not exhibit increased resistance to the fungus
Cercospora nicotiana (Neuhaus et al.,, 1991a ). It is possible that the chitinase
gene they used is not involved in the plant resistance to this particular fungus
and in this instance, some other chitinase genes may be more effective on this
disease. It may also indicate that chitinase alone may not be sufficient to
provide enhanced disease resistance in this case and the over-expression of
chitinase along with other enzymes like B-1,3-glucanase may provide better
protection of plants against a wide range of pathogens.

A striking feature of the response of plants to pathogen attack is the
induction of a battery of defenses, suggesting that different protective
mechanisms may have complementary roles in overall disease resistance. It
has been found that p-1,3-glucanase and chitinase are co-induced and act
synergistically in vitro to inhibit fungal growth (Mauch et al., 1988b). Therefore,
genetically engineered plants with coexpression of genes encoding chitinase and
B-1,3-glucanase may be more efficient in protecting plants from pathogen attack.
Transgenic tobacco exhibiting strong constitutive expression of a rice basic
chitinase gene and an alfalfa acidic p-1,3-glucanase gene gave substantially

greater protection against the fungus Cercospora nicotiana than transgenic

13



tobacco expressing either gene alone (Zhu et al., 1994). In another study of

transgenic tomato, similar results were obtained (Melchers et al., 1993).

OBJECTIVES

The goal of this research is to understand the structures of chitinase
genes in Kentucky bluegrass and to understand the regulation and expression of
these chitinase genes. To achieve this goal, the following specific objectives
were pursued:

1. To clone chitinase genes from Kentucky bluegrass genome by PCR strategy
and compare their nucleotide sequences to those from the other plant species.
2. To study the differential expression of chitinase genes in Kentucky bluegrass

under different stress conditions such as ethylene, salicylic acid, cold and heat.
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