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Introduction

Plants respond to attack by pathogenic micro-organisms
by the induction of expression of a large number of genes
encoding diverse proteins, many of which are believed to
have a role in defence (Bol et al., 1990; Bowles, 1990;
Collinge and Slusarenko, 1987; Dixon and Harrison, 1990;
Linthorst, 1991). Outstanding amongst the induced genes
are those encoding chitinases, since, until recently, no
substrate for these enzymes had been identified in plants,
whereas chitin is commonly a component of fungal cell
walls and the exoskeleton of arthropods, organisms which
include many important pathogens and pests. Further-
more, various chitinase preparations inhibit the growth of
many fungi in vitro by causing lysis of hyphal tips, espe-
cially in combination with p-1,3-glucanase (Broekaert et
al.,, 1988; Broglie et al, 1991; Mauch et al., 1988b;
Schlumbaum et al., 1986), and chitinase has been shown
to accumulate around fungal hyphal material in planta
(Benhamou et al., 1990; Wubben et al., 1992). The com-
bination of these factors has led to the proposal that the
major natural role for chitinase is defence, primarily
against fungal pathogens (Bolier, 1987, 1988). Chitinase
has therefore been the subject of intense study in recent
years, and it has now been demonstrated that enhanced
chitinase levels in transgenic plants can indeed reduce the
damage caused by pathogens (e.g. Broglie et al., 1991).
However, chitinase expression is also under developmen-
tal controlin certain organs and tissues and seems to have
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an important function in early embryo development, in-
dicating additional non-defensive roles (de Jong et al.,
1992; Lotan et al., 1989; Neale et al., 1990). Of particular
interest, is the observation that chitinase caninactivate the
lipo-oligosaccharide signal molecules produced by cer-
tain Rhizobium strains (Roche et al., 1991a) which are
responsible for the induction of root hair deformations,
cortical cell divisions and nodule development in the roots
of legume hosts (Truchet et al., 1991).

Enzyme activities, substrates and biochemical
properties

Chitinases catalyse the hydrolysis of chitin, a linear homo-
polymer of B-1,4-linked N-acetylglucosamine (GIcNAc)
residues. The types of chitinase most extensively studied
in plants are endochitinases (EC 3.2.1.14) which randomly
hydrolyse internal B-1,4-linkages of chitin-releasing
oligosaccharides of GIcNAc (Boller et al., 1983; Molano et
al., 1979; Roberts and Selitrennikoff, 1988). In addition,
exochitinase activity measured by the release of GIcNAc
has been reprorted from a number of plants (Boller et al.,
1983; Roby and Esquerré-Tugayé, 1987; Wadsworth and
Zikakis, 1984). Many purified plant endochitinases also
show some degree of lysozyme (EC 3.2.1.17) activity, i.e.
they can hydrolyse B-1,4-linkages between N-acetyl-
muramic acid and GIcNAc residues in peptidoglucan
(Boller, 1988; Majeau et al., 1990; Roberts and Selitren-
nikoff, 1988; Trudel et al., 1989). Likewise, most plant
lysozymes show a high level of chitinase activity (Audy et
al., 1988; Bernasconi et al., 1987; Bernier etal., 1971). Very
little attention has been given to the possibility that plant
chitinases may also be able to catalyse transglycosylation
reactions as recently shown for two fungal chitinases and
hen egg lysozyme (Usui et al., 1987, 1990). However,
wheat germ endochitinase did not show any transglyco-
sylation activity (Molanc et al, 1979). Finally, a unique
protein with both a-amylase inhibitor activity (against a
locust enzyme) and endochitinase activity has been puri-
fied from the grass Job’s tears (Coix lachrymajobi) (Ary
et al., 1989).

A number of assays can be applied to measure both
endo- and exochitinase enzyme activity. These include
colorimetric, radiochemical and gel electrophoresis-
based assays (Boller et al., 1983; Molano et al.,, 1977;
O'Brien and Colwell, 1987; Roberts and Selitrennikoff,
1988; Trudel and Asselin, 1989; Wirth and Wolf, 1990).

Chitin is a major component of the exoskeleton of
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insects and of the cell wall of most fungi, i.e. the As-
comycetes, Basidiomycetes and Deuteromycetes. In
fungi, chitin constitutes 3—60% of the celi wall (Bartnicki-
Garcia, 1968; Wessels and Sietsma, 1981). Alternative
substrates for plant chitinases are bacterial peptido-
glycan, the soluble chitin derivative glycol chitin and in
some cases chitosan (deacetylated chitin) (Bernasconi et
al., 1987; Boller et al., 1983; Molano et al., 1979). On the
contrary, no endogenous substrates in plants have been
identified until recently. Thus, when boiled homogenates
of bean plants were treated with a bean endochitinase, no
GlcNAc-containing fragments were detected indicating
that chitin-like substrates are not present in the plant
(Boller et al., 1983). However, recent immunochemical
studies using gold-labelled wheat germ agglutinin and
bacterial chitinases revealed abundant GlcNAc residues in
secondary walls of plants (Benhamou and Asselin, 1989).
The data suggested that the GIcNAc residues may be
present in the form of glycolipids whereas GlcNAc
polymers analogous to chitin are absent. In this context, it
is noteworthy that rhizobia (Rhizobium, Bradyrhizobium
and Azorhizobium) secrete lipo-oligosaccharides (nod
factors). These signal molecules are tetra- and pentamers
of N-acetylglucosamine with an acyl group at the non-
reducing residue (Lerouge et al, 1990; Roche et al.,
1991b; Spaink et al, 1991). These nod factors are a new
class of signal molecules that, at very low concentrations
(1077-107"° M), trigger root hair deformation, nodule
primordium formation for establishing specific symbiotic
interactions with leguminous plants {Lerouge et al., 1990;
Roche et al.,, 1991b; Spaink et al., 1991; Truchet et al.,
1991) and infection-related processes (Van Brussel et al.,
1992). It has been proposed that plant chitinases might
interfere by hydrolising these bacterial lipo-oligosac-
charides (Roche et al., 1991a; Staehelin et al, 1992).
Interestingly, endogenous pea and bean chitinases have
no influence on the pea or bean nod factors, but soybean
chitinase can inactivate the soybean, pea and bean fac-
tors (Mellor, personal communication). Furthermore, it has
been postulated that rhizobial nod factors resemble com-
parable glycolipid compounds of plant origin (Fisher and
Long, 1992). If the endogenous glycolipids are indeed
substrates for chitinases, then the products might act as
plant signal molecules (see e.g. Fisher and Long, 1992;
Spaink, 1992; Truchet et al., 1991). Indeed, molecules
which migrate similarly to rhizobial lipo-oligosaccharides
in TLC have been observed following chitinase treatment
of butanol extracts from Lathyrus flowers (Spaink et al.,
1992). In conclusion, alternative endogenous chitinase
subtrates including glycolipids need further examination.

In general, plant endochitinases are proteins of 25-35
kDa molecular weight, which occur as monomers and
have either high or low isoelectric points {for review see
Boller, 1988). However, the bifunctional endochitinase

and a-amylase inhibitor from Job’s tear consists of a
dimer of 26 kDa subunits (Ary et al, 1989). Chitinases
usually have very broad pH optima around pH 6 and are
stable at temperatures up to 50°C (Boller et al., 1983,
Molano et al., 1979). Glycosylation has been reportad faor
acidic chitinases fromyam, bean and carrot {de Jong et al.,
1992; Margis-Pinheiro et al., 1991; Tsukamoto et al.
1984).

Classification and structure of chitinases

Three classes of plant chitinases have been proposed
based on the primary structure (Shinshi et al., 1990): class |
chitinases are enzymes with a N-terminal cysteine-rich
domain of approximately 40 amino acids and a highly
conserved main structure, separated by a variable hinge
region (Figure 1). Class Il chitinases lack the N-terminal
cysteine-rich domain but have a high amino acid se-
quence identity to the main structure of class | chitinases.
Class lll chitinases show no sequence similarity to en-
zymes in class | or Il (see Figure 1).

We propose a chitinase class IV to include the basic
sugar beet chitinase IV (Mikkelsen et al., 1992), the basic
rape chitinase ChB4 (Rasmussen et al., 1992a,1992b) as
well as the acidic bean PR4 chitinase (Margis-Pinheiro et
al., 1991). These chitinases contain a cysteine-rich domain
and a conserved main structure which resemble those of
class | chitinases but are significantly smaller due to four
deletions. Thus the three class IV chitinases contain only
241-255 amino acid residues in the mature protein com-
pared with about 300 amino acid residues of class |
chitinases (Figure 1). The amino acid sequence identity of
class IV chitinases with class | chitinases is only 41-47%
compared with 59-63% identify between the individual
chitinases of class IV and more than 63% identity between
the individual chitinases of class | (Broglie et al., 1986;
Rasmussen et al., 1992a; Samac et al., 1990; Shinshi et al.,
1987, 1990). Furthermore, class IV and class ! chitinases
are serologically distinguishable (Mikkelsen et al., 1992).
A list of cloned chitinase genes is presented in Table 1.

The N-terminal cysteine-rich domain is believed to be a
chitin-binding domain and is also found in other proteins
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Figure 1. The structure of chitinase proteins.



Table 1. Cloned chitinases
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Plant Clone Class Accession no. Reference
Allium sativum  cDNA M94105, M94106 van Damme et al. (unpublished)
Arabidopsis gene il M38240 Samac et al. (1990)
gene 1} M34107 Samac et al. (1990)
Barley cDNA b X15349 Swegle et al. (1989)
cDNA [l M36989, M62904 Leah et al. (1991)
Bean cDNA la M13968 Broglie et al. (1986)
cDNA la M19052 Hedrick et al. (1988)
cDNA 1Y X57187 Margis-Pinheiro et al. (1991)
Cucumber cDNA 1] M24365 Métraux et al. (1989)
Maize cDNA M84164, M84165 Huynh et al. (unpublished)
Pea cDNA b X63899 Vad (1991)
Peanut cDNA la - Hergert et al. (1990)
Petunia cDNA I X51427 Linthorst et al. (1990)
Poplar cDNA la M25336—-25344 Parsons et al. (1989)
gene la X59995 Davis et al. (1991)
Potato cDNA la X14133 Laflamme and Roxby (1989)
cDNA, gene la X07130, X08011 Gaynor (1988)
X15494
Rape cDNA 1\ X61488 Rasmussen et al. (1992a)
Rice gene la X54367 Huang et al. (1991)
cDNA la - Nishizawa and Hibi (1991)
cDNA, gene la - Zhu and Lamb (1991)
Sugar-beet cDNA, gene - Mikkelsen et al. (1992)
gene, cONA m, v - Mikkelsen et al. (1992)
Tobacco - cDNA Jla M15173 Shinshi et al. (1987)
Nicotiana spp. gene la X64518 Van Buuren et al. (1992)
Tobacco cDNA, gene la X16938, X16939  Shinshi et al. (1990)
gene la X51599 Fukuda et al. (1991)
gene, cDNA Il X51425, X51426  Linthorst et al. (1990)
cDNA I M29868, M29869 Payne et al. (1990)
cDNAs I 211563 Lawton et al. (1992)

Regulation of chitinases

such as the wound-induced WIN proteins, hevein, wheat
germ agglutinin and nettle lectin (Broekaert et al., 1989;
Lucas et al., 1985; Shinshi et al., 1990; Stanford et al.,
1989; Wright et al, 1984). The proteins containing this
common cysteine-rich domain have possibly evolved
as a result of a gene fusion of the chitin-binding domain
with unrelated domains such as hevein, chitinase etc.
(Chrispeels and Raikel, 1991; Shinshi et al., 1990).

The active site in a chitinase from Zea mays has been
tentatively localized by selective modification of an essen-
tial tyrosine residue (Verburg et al., 1992). This residue
corresponds to the first tyrosine (Y) in the sequence
N Y NY G, which is conserved in most basic chitinases.
These results are further supported by evidence that a
tyrosine residue also acts in the catalytic mechanism of -
galactosidase, which, like chitinase, acts on B-1,4-linked
saccharides (Verburg et al., 1992).

Class lli chitinases show a weak similarity to bacterial
chitinases, and a putative active site containing four
aspartic or glutamic acid residues has been deduced by
hydrophobic cluster analysis (Henrissat, 1990; Watanabe
et al.,, 1992).

Chitinase is induced by various factors including pathogen
and pest attack as well as treatment with elicitors, abiotic
factors such as heavy metals and plant hormones. Induc-
tion of chitinase is often co-ordinated with the induction of
specific p-1,3-glucanases and other pathogenesis-
related (PR) proteins (Bowles et al., 1991; Brederode et al.,
1991; Conrads-Strauch et al., 1990; Hedrick et al., 1988;
Joosten and De Wit, 1989; Kombrink et al., 1988; Pegg
and Young, 1982; Rasmussen et al., 1992b; Shinshi et al.,
1987; Vad et al., 1991; Vbgeli et al., 1988; Vogeli-Lange et
al., 1988). Differential regulation of individual chitinase
isozymes has been reported from pea, barley, tobacco,
turnip and cell cultures of peanut. In pea, at least two
chitinases show differential regulation during develop-
ment and in response to fungal infection (Mauch et al.,
1988a; Vad et al, 1991). In barley, different chitinase
isoforms are found in leaves and grain and only one out of
five basic barley chitinases is induced in leaves infected
with Erysiphe graminis (Kragh et al., 1990, and unpub-
lished data). In tobacco leaves, differential induction of
basic and acidic class | and Il chitinases has been demon-
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strated in response to various forms of stress (Brederode
et al., 1991; Keefe et al, 1990; Memelink et al., 1990),
whereas the acidic and basic class Il chitinases appear to
be co-ordinately regulated (Lawton et al., 1992). Similarly,
different chitinases are induced in peanut cell cuitures: the
mRNA representing one chitinase form is induced follow-
ing elicitor treatment whereas other forms are unaffected
(Herget et al., 1990).

Chitinase enzyme activity, protein and mRNA levels
have been reported to be higher in resistant cuitivars at
early stages after inoculation than in susceptible cultivars
in many, but not all, interactions. This has been demon-
strated in tomato infected with Cladosporium fulvum
(Joosten and de Wit, 1989), bean inoculated with Col-
letotrichumn lindemuthianum (Daugrois et al,, 1990) and
rape inoculated with Phoma lingam (Rasmussen et al.,
1992a,1992b). Similar resuits have been found following
inoculation of a single cultivar of bean following infection
with virulent or avirulent races of Pseudomonas syringae
(Voisey and Slusarenko, 1989). In turnip (Brassica cam-
pestris), two different isozymes (both 30 kDa) are found to
be differentially induced in response to virulent and
avirulent pathovars of Xanthomonas campestris (Conrads-
Strauch et al., 1990). Also in symbiotic interactions, rep-
resented by Allium porrum roots infected by mycorrhiza
(Spanu et al., 1989) and soybean nodules infected with
Bradyrhizobium japonicum (Staehelin et al., 1992), PR
proteins including chitinase can be induced. This may
reflect a need to protect the symbiotic host from external
pathogenic invasion, or pathogenic development of the
symbiont.

The induction of chitinase and B-1,3-glucanase by
ethylene treatment has been studied in various plant
species and tissues (Boller 1988; Boller et al., 1983; Keefe
et al.,, 1990). In general, it can be concluded that ethylene
treatment resulted in a co-ordinated increase in chitinase
and #-1,3-glucanase activity. The implication of ethylene
as an endogenous signal for chitinase induction has been
proposed since increased biosynthesis of ethylene in the
plant has been shown to accompany treatments with
elicitors or pathaogen infection, and an inhibitor of ethylene
biosynthesis has been shown to reduce the accumulation
of chitinase in French bean and melon (Broglie et al., 1989;
Roby et al., 1985, 1986). However, the role of ethylene is
unclear and may be different in specific species: ethylene
was found to induce chitinase in pea and bean roots, but
not in soybean roots (Vigniotelli, 1991) and ethylene-inde-
pendent induction was demonstrated in tobacco and pea
(Lotan and Fluhr, 1990; Mauch et al., 1984).

Treatment of the plants with abiotic elicitors such as
heavy metal or salt solutions induces chitinase activity
(Fink et al, 1990; Irving and Kuc, 1990; Nasser et al.,
1988). Systemic induction of chitinase activity was found
in the leaves of barley and rape 2 days after the roots were

exposed ta Cr(Vl) (CrO3), although not following Cr(lll)
(CrCl3) treatment (Jacobsen et al., 1992) and in cucumber
plants sprayed with salt solutions (Irving and Ku¢, 1990).
It has been demonstrated that systemically induced resi-
stance occurs following infection with pathogens or treat-
ment with methyl-2,6-dichloroisonicotinic acid and sali-
cylic acid (Métreaux and Boller, 1986; Tuzun et al., 1989;
Ward et al., 1991). The latter is a well known abiotic elicitor
which also acts as a systemic endogenous signal for
induction of PR proteins in tobacco (Bol et al., 1990; Ward
et al., 1991; Yalpani et al., 1991).

Chitinase, like various other PR proteins, has been
recorded to be developmentally regulated in several
tissues including flowers, roots and lower leaves of
tobacco and Arabidopsis (Lotan et al., 1989; Memelink et
al., 1990; Neale et al, 1990; Samac and Shah, 1991;
Shinshi et al., 1987), in pea pods (Mauch et al., 1988a) and
in cereal grain (Jacobsen et al., 1990; Leah et al., 1991,
Molano et al., 1979; Neucere et al., 1991). Three chitinases
isolated from barley grain also accumulate extracellularly
in embryogenic cell suspension cultures of barley (Kragh
et al., 1991). Furthermore, chitinase accumulation in
tobacco in vitro cultures is regulated by auxin and cyto-
kinin (Grosset et al., 1990; Shinshi et al., 1987).

Analysis of regulatory elements has been initiated. In a
bean chitinase promotor, regions necessary for ethylene-
regulated expression have been identified (Broglie et al.,
1989). Furthermore, the bean chitinase promotor was in-
vestigated in response to fungal attack (Roby et al., 1990).
Similar studies have been reported for a class Il chitinase
gene from Arabidopsis (Samac and Shah, 1991) and a
class | chitinase gene from tobacco (Fukuda et al., 1991).
Further investigations are necessary to provide a better
understanding of the regulation of chitinases.

Subcellular localization

immunocytochemical as weil as cell fractionation studies
have been used to localize different chitinase isozymes
(Boller and Métraux, 1988; Boller and Vigeli, 1984; Fink et
al., 1988; Flemming et al., 1991; Keefe ot al., 1990; Mauch
and Staehelin, 1989; Nasser et al., 1990; Wubben et al.,
1992). The general conclusion is that some class |
chitinases are localized in vacuoles, whereas other
chitinases are located apoplastically.

Recent studies have demonstrated that a short C-ter-
minal extension of about six amino acids present in a basic
class | chitinase of tobacco is both necessary and suf-
ficient for vacuolar localization (Neuhaus et al., 1991b).
The significance of this short C-terminal vacuolar targeting
sequence is supported by the presence of such sequences
in basic vacuolar chitinases from tobacco, bean, potato,
poplar and Arabidopsis, designated la in Figure 1 (Broglie
et al., 1986; Gaynor, 1988; Parsons et al., 1989; Samac et



al., 1990; Shinshi et al., 1990). Class IV chitinases from
sugar beet and rape, and some class | chitinases (desig-
nated Ib in Figure 1) from pea, rice and barley (Huang et a/.,
1991; Mikkelsen et al,, 1992; Rasmussen et al., 1992a;
Swegle et al., 1989; Vad, 1991) are synthesized without a
C-terminal extension suggesting extracellular localization.
The class 1V chitinase fom sugar beet is indeed deposited
in the apoplast (Mikkelsen et al., 1992).

Role of chitinase

The general induction of chitinases in plants exposed to
various stress stimuli might indicate that chitinases are
produced as a general stress response. However, this
does not exclude their importance as an active com-
ponent in the plant defence system as various differentially
regulated isoforms present in the plant presumably may
possess different roles.

Various in vitro studies have demonstrated a growth
inhibitory effect of chitinases against fungi containing
chitin in the cell wall (Broekaert et al., 1988; Mauch et al.,
1988b; Roberts and Selitrennikoff, 1988; Schiumbaum et
al., 1986). During apical growth in filamentous fungi, chitin
and B-1,3-glucan fibres are synthesized simultaneously in
the apex of the growing hypha. In the mature cell wall
distant from the apex, the polysaccharides are cross-
linked to form mixed chitin-glucan fibres and may be
overlaid by other polysaccharides and protein layers
(Wessels, 1986, 1988). Thus at the apex, the exposed
nascent chitin chains are accessible to hydrolysis by
chitinase, whereas the chitin layer in the mature cell wall is
inaccessible to degradation by the enzyme. This theory is
supported by an autoradiographic study on Cercospora
beticola showing that a purified sugar beet chitinase was
able to degrade newly synthesized radioactively abelled
chitin fibres in the hyphal apex, whereas it had no effect on
the chitin layer in the mature cell wall (Nielsen and Mikkel-
sen, unpublished, see Figure 2). A destructive effect of
chitinase treatment on immature fungal cell walls, indi-
cated by apical swelling and/or lysis has been observed by
others (Boller et al., 1983; Broekaert et al., 1988; Mauch et
al., 1988b; Ordentlich et al., 1988). Nevertheless, most
fungi tested in an in vitro assay were not inhibited by a pea
chitinase alone (Mauch et al., 1988b), thus the effective-
ness of chitinases against fungi may depend on the simul-
taneous action of B-1,3-glucanase or other antifungal
substances.

Direct evidence that the enzyme interacts with fungal
cell walls in vivo comes from immunocytochemical tech-
niques (Benhamou et al., 1990; Wubben et al., 1992). It
was demonstrated that the enzyme accumulates around
fungal cell walls in planta. Chitinase was mainly asso-
ciated with altered fungal cell walls, suggesting that the
enzyme activation is either preceded by the hydrolytic

Plant chitinases 35

Figure 2. Autoradiography.

A myceliat culture of Cercospora beticola was grown in medium containing
tritium-fabelled N-acetylglucosamine, the chitin monomer, for 20 min (a)
and subsequently incubated with a purified sugar beet chitinase for 20 h (b).
The intense radioactive labelling in the hyphal tips (a), showing an incor-
poration of the N-acetylglucosamine into nascent chitin chains during
apical growth, was removed by the chitinase treatment, demonstrating a
hydrolytic action of the enzyme on the exposed chitin layer.

action of other enzymes such as B-1,3-glucanase or coin-
cides with these enzymes. This interpretation is supported
by the observation that chitinase and p-1,3-glucanase act
synergistically in the inhibition of fungal growth in vitro
(Mauch et al., 1988b). With respect to their localization and
implication in the defence reaction, it has been proposed
that extracellular chitinases are part of an early, induced
response. They may act directly by blocking the growth of
the hyphae invading the intercellular space and possibly
indirectly as well by releasing fungal elicitors which then
induce additional chitinase activity and other defence
reactions in the host (Barber et al., 1989; Kurosaki et al.,
1988; Roby et al., 1987). According to this view, vacuolar
chitinase functions late in the infection process when cell
collapse releases the vacuolar content into the extracel-
lular compartment (Mauch and Staehelin, 1989).

In contrast to the extensive data concerning the induc-
tion of chitinases in relation to pathogen attack, potential
endogenous functions of plant chitinases have received
little attention. Nevertheless, it has been shown recently
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that an acidic endochitinase has an important function in
early somatic embryo development of carrot, in that it
allowed completion of embryo development in a tempera-
ture-sensitive carrot mutant cell line at non-permissive
temperature (de Jong et al., 1992). This may also explain
the developmental and hormonal regulation of plant
chitinases, discussed above, which has been proposed
previously to be due to non-defensive functions during celi
division and differentiation (Lotan et a/., 1989; Neale et al.,
1990; Nielsen, 1991). Whereas, it is possible that the
constitutive presence of chitinase in certain organs re-
flects the vulnerability of, e.g. style and roots to pathogen
attack, at least in certain organs, chitinases may par-
ticipate in the generation of signal molecules which regu-
late plant development, e.g. organogenesis. If this is the
case, then the newly discovered rhizobial lipo-oligosac-
charides possibly mimic endogenous signals in order to
trigger the formation of root nodules required for symbiotic
interactions. Searches for endogenous chitinase sub-
strates as weli as substrate specificities and localizations
are needed in order to clarify the roles of the many chiti-
nases present in plants.

Perspectives

Despite the intensive research on plant chitinases, and
with all our knowledge regarding properties of the enzyme,
the actual role of the enzyme in defence reactions is still a
matter of speculation. Nevertheless, the prospects for
genetically engineering plants with improved resistance
by transformation with chitinase genes seem good, and
this approach is now being utilized in many laboratories ali
over the world. A few reports concerning transgenic plants
with elevated expression levels of chitinase have been
published recently (Broglie et al., 1991; Jones et al., 1988;
Linthorst et al,, 1990; Neuhaus et al., 1991a, 1991b), and
other reports have been presented at international meet-
ings. Transgenic tobacco and rape plants containing a
bean chitinase gene with a constitutive promotor have
been shown to exhibit higher basal levels of chitinase and
concomitant increased resistance to Rhizoctonia solani
when compared with control plants (Broglie et al., 1991). In
another report (Neuhaus et al, 1991a) tobacco plants
transformed with a basic chitinase from tobacco, under
regulation of a constitutive promotor, accumulated up
to 120-fold more active chitinase than non-transformed
plants. However, the transformed plants were found to be
no more resistant to the fungus Cercospora nicotiana than
the controls. It is possible that the additional chitinase is
located intracellularly in the transformed pilants and does
not come into contact with the intercellular developing
fungus. It is also possible that this pathogen is resistant to
the enzyme utilized in this particular study. The extra- or
intercellular localization of the chitinases has to be evalu-

ated with respect to the growth pattern of the invading
fungi.

It now seems likely that chitinase genes, perhaps in
combination with other genes encoding antifungal pro-
ducts, will provide a means for improving resistance
against at least some pathogens, thus reducing the need
to spray with pesticides. An alternative approach might be
to use chitinase, either from microbial or plant sources, as
a means of increasing the effectivity of biological control
agents (Ordentlich et al., 1988; Shapira et al., 1989). This
approach is supported by results obtained with injected
bacterial chitinase which inhibited the development of
powdery mildew in barley coleoptiles (Toyoda et al., 1991).
In any case, although the resuits obtained to date are
mixed, they are nevertheless promising, and justify the
faith put into both these approaches.
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