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Abstract

A polyclonal antiserum was prepared against a purified microsomal

chitinase isolated from the fungus Choanephora cucurbitarum. Indirect immuno

fluorescence was used to localize chitinase at various developmental stages of

five zygomycetous fungi and during abiotrophic mycoparasite interaction with a

susceptible and resistant host. This was compared to localization of oligomers

of N-acetylglucosamine with the lectin wheat germ agglutinin (WGA). Dot

immunoblot and Western blot techniques revealed that the anti-serum reacted

strongly with the antigen from which it was derived. Cross reactivity of the

antiserum was found with WGA and another chitin binding lectin, Phyto/acca

americana agglutinin (PAA). Immuno-fluorescence results showed the direct

involvement of chitinase in spore swelling, germination, sporangium

development and response during mechanical injury. There appeared to be no

involvement of chitinase during apical hyphal growth or new branch initiation in

any of the fungi tested despite mild proteolysis and permeabilization of the cell

surface prior to labelling. Binding with WGA revealed similar patterns of

fluorescence to that of chitinase localization but differed by showing

fluorescence and therefore chitin localization at the apex and new branch

initiation when tested at different developmental stages. There was no

difference between chitinase localization and binding with WGA in a

susceptible host and resistant host challenged with the mycoparasite,

Piptocephalis virginiana. Differences in binding ability of antichitinase and lectin

WGA suggests that the latter is not a suitable indicator for indirect localization of

the lytic enzyme, chitinase.



3

Acknowledgements

I wish to express my sincere gratitude to my supervisor, Professor M. S.

Manocha for his unending patience and tolerance with my work and without

whom this thesis would never have been completed. I also appreciate the help

of Dr. A. Castle and Dr. R. Balasubramanian for their valuable advice and many

discussions throughout the entire period of my stay at Brock University. Dr.

Balasubramanian raised the polyclonal antiserum against the purified chitinase

used in this study.

I dedicate this thesis to my family who provided love, moral support and

encouragement to pursue further studies.

Many thanks are also due to Janet Pinder, the rest of the department and

support staff for their assistance and Mike Lozon for his help with the figures.



4

Table of contents
Page

Abstract 2

Acknowledgements 3

Table of Contents 4

List of Tables 6

List of Figures 7

Introduction 1a
Literature Review 12

Mode of Chitin Degradation 12

Fungal Chitinases 12

Nature, Subcellular Localization and General Properties 12

Role in Morphogenesis 18

Host-Parasite Interaction 20

Regulation of Chitinase Gene Expression 23

Molecular Biology and Chitinase Gene Cloning 24

Role of Plant Chitinases and Glucanases in Anti-fungal Defense 28

The Lectin-Chitinase Debate 32

Materials and Methods 37

Organisms and Cultural Conditions 37

Chemicals 38

Isolation, Purification and Assay of Microsomal Chitinase 38

Protein Extraction 38

Preparation of Antisera 39

Dot-immunobinding Procedure 39

Western Blot 40

Immuno-fluorescence 40

Direct FITC-WGA binding assay 41

Results 42

Dot-immunoblot 42

Western Blot 42

Part A. Chitinase Immuno-fluorescence of Five Zygomycetous Fungi 45

Direct FITC-WGA Binding Assay of Five Zygomycetous Fungi 55



5

Part B. Chitinase Immuno-fluorescence and FITC-WGA Binding Assay 61

During Host-Parasite Interaction

Discussion 67

Conclusions 71

References 72



List of Tables

6

Table 1.

Table 2.

General properties of various fungal chitinases

Summary of chitinase immuno-fluorescence and FITC

WGA binding patterns at various growth stages of

zygomycetous fungi

Page

16 &17

46



List of Figures

7

Fig. 1. Mode of chitin degradation by exochitinase and

endochitinase

Page

14

Fig. 2. Model for primary preprotein structure of chitinase of 27

Saccharomyces cerevisiae derived from cDNA clones

Fig. 3. Model for primary preprotein structure of chitinase of 27

Rhizopus oligosporus derived from cDNA clones

Fig. 4. Model of stinging nettle lectin, Urtica diocia agglutinin 35
(UDA) primary preprotein structure derived from cDNA

clones

Fig. 5i &5ii Dot immunoblot with anti-chitinase antiserum 44

Fig. 6. Western blot with anti-chitinase antiserum 44

Fig. 7A & B Bright field (7A) and corresponding fluorescence photo- 48
micrographs (7B) of ungerminated spores of P. articulosus

with indirect anti-chitinase immunofluorescence test

Fig. 8A & B Bright field (8A) and corresponding fluorescence photo- 48

micrographs (8B) of ungerminated spores of P. virginiana

with indirect anti-chitinase immunofluorescence test

Fig. 9A & B Phase contrast (9A) and corresponding fluorescence 50
photomicrographs (9B) of swollen spores of P. virginiana

with indirect anti-chitinase immunofluorescence test

Fig. 10A & B Phase contrast (10A) and corresponding fluorescence 50

photomicrographs (10B) of swollen spores of M. pusilla

with indirect anti-chitinase immunofluorescence test



8

Fig. 11 A & B Bright field (11 A) and corresponding fluorescence 52

photomicrographs (11 B) of a germinated spore of C. cucurbitarum

with indirect anti-chitinase immunofluorescence test

Fig. 12A & B Bright field (12A) and corresponding fluorescence photo- 54

micrographs (12B) of mechanically injured hyphae of M. pusilla

with indirect anti-chitinase immunofluorescence test

Fig. 13A & B Bright field (13A) and corresponding fluorescence photo- 54

micrographs (13B) of a sporangium of M. pusilla with indirect anti

chitinase immunofluorescence test

Fig. 14A & B Bright field (14A) and corresponding fluorescence photo- 54

micrographs (14B) of a germinated spore of C. cucurbitarum with

direct FITC-WGA binding assay

Fig. 15A & B Bright field (15A) and corresponding fluorescence photo- 57

micrographs (15B) of a germinated spore M. candelabrum with

direct FITC-WGA binding assay

Fig. 16A & B Bright field (16A) and corresponding fluorescence photo- 57

micrographs (16B) of twenty four-h-old hyphae of P. articulosus

with direct FITC-WGA binding assay

Fig. 17A & B Bright field (17A) and corresponding fluorescence photo- 59

micrographs (17B) of a twenty four-h-old hypha of C. cucurbitarum

with direct FITC-WGA binding assay

Fig. 18A & B Bright field (18A) and corresponding fluorescence photo- 59

micrographs (188) of twenty four-h-old hyphae of M. candelabrum

with direct FITC-WGA binding assay

Fig. 19A & B Bright field (19A) and corresponding fluorescence photo- 61

micrographs (19B) of mechanically injured hyphae of

C. cucurbitarum with direct FITC-WGA binding assay



9

Fig. 20A & B Bright field (20A) and corresponding fluorescence photo- 61

micrographs (208) of several sporangia of M. pusilla with direct

FITC-WGA binding assay

Fig. 21A & B Bright field (21A) and corresponding fluorescence photo- 64

micrographs (21 B) of the susceptible host, C. cucurbitarum

challenged by P. virginiana after twenty-h-with

indirect anti-chitinase immunofluorescence test

Fig. 22A & B Bright field (22A) and corresponding fluorescence photo- 64

micrographs (22B) of the susceptible host, C. cucurbitarum

challenged by P. virginiana aftertwenty-h-with

direct FITC-WGA binding assay

Figs. 23A &B Bright field (23A & 24A) and corresponding fluorescence photo- 66

24A & 8 micrographs (238 & 248) of the resistant host, P. articulosus

challenged by P. virginiana after twenty-h-with direct FITC-WGA

binding assay



10

Introdyction

Chitinase hydrolyzes chitin, the unbranched homopolymer of N

acetylglucosamine (GlcNAc) in a B-1,4 linkage. Chitin is a structural component

in the cell walls of fungi and of some algae; in the shells or cuticles of

arthropods including crustaceans and insects; in nematodes; in mollusks; in

worms and in many other types of organisms (Cabib, 1987; Godday, 1990).

Chitin microfibrils are a major structural component of the cell wall of

most filamentous fungi. In the yeast Saccharomyces cerevisiae, short chitin

micrifibrils are located almost exclusively in the primary septum, of which it

seems to be the sole component (Cabib, 1987). Its presence together with that

of other polysaccharides has been used as a criterion for fungal taxonomy

(Bartnicki-Garcia, 1968). In fungi, chitinase is a morphogenetic enzyme which

plays an integral part in fungal cell wall metabolism.

Cell wall growth, including growth at the apex in filamentous fungi, has

been proposed to be the result of a harmonious balance between the

processes of synthesis and lysis by enzymes such as chitin synthetase (EC

2.4.1.16) and chitinase, respectively (Bartnicki-Garcia, 1973). Essentially, lytic

enzymes permanently loosen the newly deposited rigid cell wall at the apex

which creates gaps for the insertion of new cell wall material, or growth by

intussusception. However, it has been argued that evidence for participation of

lytic enzymes such as chitinase in cell wall growth, particularly in apical growth,

is indirect and circumstantial (Wessels, 1986). Instead, it has been suggested

that the cell wall material deposited at the growing apex by apposition of new

cell wall polymers is inherently plastic rather than rigid but gradually develops

stiffness due to secondary processes occurring in the wall (Wessels, 1986).

Others have investigated gradients of membrane associated Ca2+ (Yuan and

Heath, 1991), actin (Heath, 1990; Roberson, 1992) and the role of turgor

pressure (Kaminskyj et aI., 1992) as associated with apical growth.

Despite the apparent controversy, lytic enzymes such as chitinase may

be involved in the net degradation of wall polymers during starvation,

degradation of septa for nuclear migration, fusion of hyphae such as during

anastomosis and clamp connections, branch initiation, spore swelling,

germination, autolysis, gross autolysis associated with stipe elongation and

spore dispersal in Coprinus lagopus, budding in Candida albicans, and cell

separation in S. cerevisiae (Iten and Matile, 1970; Bartnicki-Garcia, 1973;
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Vessey and Pegg, 1973; Elango et aI., 1982; Isaac and Gokhale, 1982; Barrett

Bee and Hamilton, 1984; Wessels, 1986; Pedraza-Reyes and Lopez-Romero,

1989; Reyes et aI., 1989; Kuranda and Robbins, 1991 ; Cabib et aI., 1992).

There is a distinct possibility that both chitinase and chitin synthetase

play roles in the early events of host-parasite interaction between susceptible

and resistant Mucoraceous hosts to the biotrophic haustorial mycoparasite

Piptocephalis virginiana (Manocha, 1987). Others support the contention that

chitinase may be involved in similar events between entomopathogenic fungi,

necrotrophic mycoparasites and vesicular arbuscular mycorrhizal (VAM) fungi

and their hosts (Ordentlich et aI., 1991 ; St. Leger et aI., 1991 ; Dumas-Gaudot et

aI., 1992; Lambais and Mehdy, 1993). Excellent introductions to chitinases in

general can be found in the reviews by Stirling et aI., (1979) and Cabib (1987).

It is clear that the presumptive role of chitinase in the aforementioned

morphogenetic events of filamentous fungi has yet to be elucidated and may be

due to lack of techniques for spatial localization of chitinase in the fungal cell.

Localization of oligomers of GlcNAc with the lectin wheat germ agglutinin

(WGA) during a necrotrophic mycoparasite-fungal host interaction has been

used as an indirect probe for chitinase due to the localization of the degradation

products of this enzyme (Cherif and Benhamou, 1990).

A polyclonal antiserum was prepared against a purified microsomal

chitinase isolated from the mucoraceous fungus Choanephora cucurbitarum

(Balasubramanian and Manocha, 1992). Specificity of the antiserum was

confirmed by dot-immunoblot and Western blot techniques. Indirect immuno

fluorescence technique was employed to localize chitinase during various

developmental stages in the life cycle of C. cucurbitaurm and four other related

fungi. This was compared to the localization of oligomers of GlcNAc with WGA

as an indirect probe for chitin through a direct lectin binding assay. Both probes

were also employed during early stages of parasitism in the susceptible host, C.
cucurbitaurm and the resistant host, Phascolomyces articulosus challenged

with the biotrophic haustorial mycoparasite Piptocephalis virginiana.

Comparison of chitinase localization with that of oligomers of GlcNAc which

comprise chitin was performed to test the suitability of using a lectin (WGA) as

an indirect probe for the enzyme, chitinase.
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Literature Review

Mode of Chitin Degradation

The nomenclature of chitinolytic enzymes is still marred with confusion.

There is sufficient evidence to divide chitinase activity into two principal types:

endochitinases and exochitinases (Robbins et aI., 1988; Bade and Hickey,

1989; Rast et aI., 1991). The final products formed by endochitinases (EC

3.2.1.14) are soluble, low molecular weight multimers of GlcNAc such as

chitotetraose and chitotriose with the dimer, di-acetylchitobiose, being

predominant. Cleavage occurs randomly at internal points over the entire length

of the chitin microfibril. On the other hand, exochitinases (EC 3.2.1.14) catalyze

the progressive release of di-acetylchitobiose in a stepwise fashion and no

monosaccharides or oligosaccharides are formed (Fig. 1). Cleavage occurs

only at the nonreducing end of the chitin microfibril. This enzyme is refered to as

chitobiosidase in a recent study (Harman et aI., 1993).

B-1,4 N-acetylglucosaminidase (EC 3.2.1.30) splits di-acetylchitobiose as

well as chitotriose and chitotetraose into GlcNAc monomers in an exo type

fashion. This definition inherently includes the so called chitobiase activity for

hydrolysis of di-acetylchitobiose, but has long been classified under B-1,4 N

acetylglucosaminidase. Hydrolysis of terminal nonreducing N

acetylhexosamine residues in N-acetylhexosaminides such as N

acetylgalactosaminides is carried out by N-acetylhexosaminidase (EC

3.2.1.52).

Fungal Chitinases

Nature. Subcellular Localization and General Properties

Fungal chitinases have been localized extraceliularlY, in the periplasmic

space and the plasma membrane. Evidence for the membrane bound

zymogenic nature of fungal chitinases stemmed from the inability to isolate

purified microsomal chitin synthetase preparations freely capable of producing

nascent chitin (McMurrough and Bartnicki-Garcia, 1973; Molano et aI., 1979).

Often, these microsomal preparations yielded di-acetylchitobiose instead of

chitin upon incubation with UDP-N-acetylglucosamine which is the substrate



Fig. 1. Original model comparing the mode of chitin

degradation by exochitinase and endochitinase.

See text for explanations.
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for chitin synthetase. Subsequently, a chitinase was found that degrades

nascent chitin as fast as it was made by chitin synthetase (Molano et aI., 1979;

Lopez-Romero et aI., 1982; Humphreys and Gooday, 1984). Chitinase activity

was stimulated by treatment of microsomes with commercial proteases such as

trypsin and inactivation occurred after treatment with commercial

phospholipases. This suggested the requirement for phospholipid-enzyme

interaction for activity; a similar result found with chitinases from a diverse

source of fungi: Candida albicans (Dickinson et aI., 1991); Choanephora

cucurbitarum (Manocha and Balasubramanian 1988); Mucor mucedo

(Humphreys and Gooday 1984); M. rouxii (McMurrough and Bartnicki-Garcia,

1973); Neurospora crassa (Zarain-Herzberg and Arroyo-Bergovich 1983) and

Piptocephalis virginiana (Balasubramanian and Manocha 1986).

Fungal chitinase activity is found in different subcellular fractions beside

microsomal preparations. In N. crassa, chitinase activity occurs in membrane

rich fractions, but most of the activity is distributed either in the cell wall or

cytosolic fractions, approximately 30% and 50%, respectively (Zarain-Herzberg

and Arroyo-Bergovich 1983). Chitinases also occur in the cell wall of

Aspergillus nidulans (Polacheck and Rosenberger 1978); in cytosolic and

membrane fractions of C. cucurbitarum and P. articulosus (Balasubramanian

and Manocha, 1992); in mixed membrane, cytosolic and cell wall fractions of M.

rouxii (Pedraza-Reyes and Lopez-Romero, 1989) and in the periplasm,

vacuoles (Elango et aI., 1982) and the cell wall (Kuranda and Robbins, 1991) of

S. cerevisiae. Cell free extracts of both mycelial (McMurrough and Bartnicki

Garcia, 1973) and yeast phase cells (Lopez-Romero et aI., 1978) of the

dimorphic fungus M. rouxii have revealed chitinases which interfere with chitin

biosynthesis in vitro.

Some general properties of fungal chitinases are present in Table 1. It

can be seen that they are active at slightly acidic pH levels; have high apparent

temperature optima; have a high degree of stability which may be due to

glycosylation; endochitinase and some exochitinase activity is present; the

molecular masses differ considerably with higher molecular masses present in

C. albicans, S. cerevisiae and Verticillium albo-atrum (Correa et aI., 1982;

Pegg, 1988; Dickinson et aI., 1989). They are inhibited by copper and mercury

salts, lack ionic cofactors and are competitively inhibited by allosamidin.

Exponentially growing mycelia of M. rouxii have certain Type B soluble

endochitinases which unlike other fungal chitinases are basic (or neutral),



Table 1
General properties of various fungal chitinases

Organism pH Temperature Molecular Inhibitory Mode of chitin Reference
optimum optimum mass (kDa) agents degradation

Aphanocladium album Chitinase 1
(extracellular) 4.0 500 C* 39a,20b Fe2+,Hg2+ Endo [1 ]

Aspergillus nidulans
(extracellular) 5.0 - 27 Hg2+, Cu2+,Ca2+, Ag2+ Endo [2]

Candida albicans
(cytosolic) 6.5 450 C* 70 allosamidin Endo [3,4,5]
(microsomal) 8 450 C* - allosamidin Endo

Choanephora cucurbitarum
(cytosolic) 6.0 40oC* 55 & 69.5a Cu2+,Hg2+,Mn2+,KCN Endo [6]
(microsomal) 4.5-6.0 400 C* 66 Cu2+, Hg2+, Mn2+ Endo

Gliocladium virens (strain 41 )
(extracellular) 4.0-6.0 - 41 - Endo [7]

Metarhizium anisopJiae
(extracellular) 5.3 38-450 C* 33 & 66b - Exo [8]

Mucor mucedo
(cytosolic) 5.7 - - Cu2+ Endo [9]
(microsomal) 5.6 - - Cu2+, PMSF Endo

Mucor rouxii
(cytosolic, A - - 53 - Exo [10]
4 h culture) B - - 28 - Exo
(cytosolic, CI 6.5 300e 30.7 - Exo
10 h QJRure) CII 6.5 30°C 24.2 - Exo

Neurospora crassa
(cytosolic) 6.7 - 20.6 Cu2+, Hg2+ Endo [11 ]

Phascolomyces articulosus
(cytosolic) - 40oC* 53 & 69.5a Cu2+,Hg2+,Mn2+,KCN Endo [6]
(microsomal) - 40oC* 66 Hg2+, Mn2+, EDTA Endo

Saccharomyces cerevisiae t-&
0\

(cytosolic) 2.5 - 130 - Endo [12,13]



Trichoderma harzianum (strain P1)
(extracellular) 4.0-7.0 - 35,40 - Exo [14]
(extracellular) 4.0 - 41 - Endo

Trichoderma harzianum (strain 39.1)
(extracellular) 4.5 40°C 40a,36b Zn2+ Endo [15]

VerticilJium albo-atrum
(cytosolic) 5.1 450 C* 64 Cu2+, Hg2+, KCN Endo [16,17]

- not tested, * stable at low temperature, a by 8DS-PAGE, b by gel filtration, EDTA=ethylenediaminetetraacetic acid, KCN=potassium cyanide
PMSF=phenylmethylsulfonyl fluoride
1=Kunz et aI., (1992) 2=Reyes et aI., (1989) 3=Barrett-Bee and Hamilton, (1984) 4=Dickinson et aI., (1989) 5=Dickinson et aI., (1991)
6=Balasubramanian and Manocha, (1992) 7=Di Pietro et aI., (1993) 8=St. Leger et aI., (1991) 9=Humphreys and Gooday, (1984)
10=Pedraza-Reyes and Lopez-Romero, (1989) 11=Zarain-Herzbaerg and Arroyo-Begovich, (1983) 12=Correa et aI., (1982)
13=Kuranda and Robbins, (1991) 14=Lorito et aI., (1993) 15= Ulhoa and Peberdy, (1992) 16=Vessey and Pegg, (1973) 17=Pegg, (1988)

~

-.....J
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nonzymogenic and degrade preformed chitin (Rast et aI., 1991). Competitive

inhibition of all chitinases was found with chitobionolactone oxime (Rast et aI.,

1991 ).

Role in Morphogenesis

Bartnicki-Garcia (1973) was the first to propose that fungal cell wall

morphogenesis is the result of a delicate balance between synthesis by chitin

synthetase and lysis by chitinase. There are a number of examples which

support this proposal. In several cases, maximal chitinase activity occurs in

conjunction with maximal chitin synthetase activity during growth, indicating that

the former is also critical for growth. For example, high speed supernatant

fractions of the yeast form of C. albicans at the rapid budding phase of growth

showed a peak of chitinase activity which paralleled that of chitin synthetase

activity (Barrett-Bee and Hamilton, 1984). Microsomal preparations of chitinase

in C. albicans also had maximal activity occurring together with chitin

synthetase (Dickinson et aI., 1991). High chitinase activity has been correlated

with the onset of germination (4 h cultures) in cytosolic extracts of mycelial M.

rouxii and at mid-exponential phase of growth (10 h cultures) (Pedraza-Reyes

and Lopez-Romero, 1989); the latter peak paralleled that of chitin synthetase

activity. Analysis of the 10 h peak revealed the presence of two antigenically

distinct, exochitinases with different molecular masses and ionic charges that

degraded nascent chitin and yielded chitobiose as the sole product. These

chitinases were proposed to be involved in hyphal extension and branching.

The same group also described the identification of nine chitinase species

associated with the 4 h peak expressed in swollen germ spheres just prior to

the appearance of the germ tube (Pedraza-Reyes and Lopez-Romero, 1991).

Cabib et al. (1992) confirmed chitinase lysis of the chitin ladened septum during

the process of cell separation in S. cerevisiae. Chitin synthetase was shown to

act as a repair enzyme by replenishing chitin during cytokinesis.

Rast et al. (1991), being critical that M. rouxii may not have consisted

entirely of hyphae during full exponential growth in the experiments of Pedraza

Reyes and Lopez-Romero (1989), further investigated chitinolytic activity in the

same fungus. Exponentially growing short-branched hyphae contained at least

seven chitinases capable of random cleavage of B-1 ,4 bonds, suggestive of

endochitinases. Soluble chitinases were divided into two classes, Type A and
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B. Type A chitinases were acidic, displayed partial latency, showed an unusual

affinity to dextran gel and acted weakly on colloidal chitin. Type B chitinases

were basic (or neutral) and not zymogenic, did not behave anomolously upon

gel filtration and could degrade preformed chitin. Distinct B-1,4 N

acetylglucosaminidase activity was concomitantly produced with chitinase

activity. It was proposed that chitinase and B-1,4 N-acetylglucosaminidase act

synergistically to degrade the native substrate in growing hyphae. Moreover, a

new hypothetical model of a triple integrated enzyme system consisting of

chitinase, B-1,4 N-acetylglucosaminidase and chitin synthetase was suggested

for controlled chitin metabolism at sites of hyphal branch initiation (Rast et aI.,

1991 ).

Early studies by Coudron et al. (1984) demonstrated that chitinolytic

activity in several entomopathogens was important for growth and potentially

needed for penetration. Chitinase activity compared to the rate of fungal

development in isolates of Nomuraea rileyi, which is parasitic on larvae of

Trichoplusia ni, the cabbage looper, showed significantly higher levels of an

endochitinase and B-1,4 N-acetylglucosaminidase in two virulent N. rileyi

strains compared to an avirulent mutant strain grown over a period of 30 days

(EI-Sayed et aI., 1989). In the virulent isolates, the chitinase activity/total protein

ratio during germination (2 days) was as much as 35 times greater than that

found in conidia at day o. Chitinase activity was also present at the onset of the

blastospore stage (3 days) which is a stage critical to penetration of the chitin

ladened host insect cuticle. Thus, it was speculated that chitinolytic enzymes

playa role in dissolution of insect cuticles during penetration by

entomopathogenic fungi.

The correlation of chitinase and other glycosidases with autolysis has

been well examined in the infection of tomato by the vascular wilt pathogen

Verticillium albo-atrum. An endocellular chitinase produced by V. albo-atrum

hyphae and culture filtrates released GlcNAc from pure chitin and autoclaved V.

albo-atrum hyphae (Vessey and Pegg, 1973). Rapid loss of mycelium by

autolysis between 3 and 6 days of growth was demonstrated in shake and stir

culture experiments. Chitinase activity was suggested to be proportional to the

loss of mycelium, Le. rate of autolysis, a concept supported with further fungal
studies: Aspergillus nidulans (Isaac and Gokhale, 1982; Reyes et aI., 1989) and

Fusarium solani, Glomerella cingulata and Helminthosporium victoriae grown

on membranes under a low nutrient regime (Ko and Lockwood, 1970).
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Subsequently, the finding of a B-1,3 glucanase (EC 3.2.1.39) and a B

glucosidase (EC 3.2.1.21), active on B-1,3 glucans, in the culture filtrate of V.

albo-atrum supported a prior notion that autolysis was associated with more

than one enzyme (Young and Pegg, 1981).

Iten and Matile (1970) correlated gross autolysis associated with stipe

elongation and spore dispersal in Coprinus lagopus with the action of an

endocellular chitinase synthesized shortly after autolysis began in the gills. A

second group of hydrolytic enzymes: acid and alkaline proteases, RNase,

phosphatase and B-glucosidases were found in the vacuoles isolated from

vegetative mycelium as well as gills and therefore these enzymes were

postulated to have both an intracellular and extracellular role.

Elango et al. (1982) first described an endochitinase in S. cerevisiae

which was found to be a secretory protein because of detection of chitinase

activity in a medium containing isolated protoplasts. It was proposed that this

chitinase was localized in the periplasmic space and was thus, strategically

positioned to attack chitin secreted into that space during septum formation.

This chitinase also was speculated to playa role in the final fission of septa

leading to cell separation (Elango et aI., 1982). Using colloidal gold-labelled

anti-Serratia marcescens chitinase antibody, Harris and Szaniszlo (1986)

showed localization along the inner portion of the cell wall and at the scar

region in the human pathogenic yeast Wangiella dermatidis. Disruption of the

S. cerevisiae chitinase gene did indeed lead to a defect in cell separation

(Kuranda and Robbins, 1991), which supported the initial speculation by

Elango et al. (1982), and was confirmed by Cabib et al. (1992).

Host-Parasite Interaction

Whether chitinase is involved in penetration of host insect cuticle by

entomopathogenic fungi is far from clear. Endochitinase, B-1,4 N

acetylglucosaminidase and other hydrolytic enzyme activities are present when

three entomopathogens: Beauveria bassiana, Metarhizium anisopliae, and

Verticillium lecanii are grown on locust cuticles as the sole carbon source (St.

Leger et aI., 1986). Five strains of M. anisopliae obtained from widely divergent

sources for the production of degradative enzymes were grown on defined

media and on purified cuticles of Galleria mellonella, the greater wax moth and

Trichoplusia ni. These strains yielded highest levels of proteases and
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endochitinases from cuticle grown cultures (Gupta et aI., 1991).

However there are examples of studies which do not support chitinase

involvement in penetration. Metarhizium anisopliae does not appear to produce

chitinase during penetration of cuticle of Manduca sexta (St. Leger et aI., 1987).

Similarly, a chitinase deficient mutant of V. lecanii was just as pathogenic to

aphids as the wild type (Jackson et aI., 1985). Conclusive proof for the crucial

involvement of chitinolytic (or other) enzymes during penetration would require

that the enzyme be present at the site of penetration, enzyme deficient mutants

must have altered virulence, the transfer of the enzyme gene into these mutants

should restore pathogenicity and specific inhibitors should block the penetration

step and protect insects from disease (St. Leger et aI., 1991). To meet all these

points, extensive in vitro biochemical characterization must be made, as in the

case of M. anisopliae (St. Leger et aI., 1991). It could be also easily conceived

that different entomopat~ogen-host insect interactions may differ in their

penetration mechanisms.

Chitinases have been implicated to playa role in penetration of fungal

hosts of the biotrophic mycoparasite Piptocephalis virginana (Manocha, 1987).

Penetration by the infection hypha is thought to occur by both mechanical

pressure and enzymatic degradation. Ultrastructural studies often show an

inpushing of the host cell wall and erosion of the outer layer by the advancing

infection hyphae (Manocha and Golesorkhi, 1981). Only negligible levels of

chitinase and chitosanase activity were found in culture filtrates of P. virginiana

suggesting strict regulatory control indicative of the biotrophic nature of the

mycoparasite and judicious deployment of the enzyme (Balasubramanian and

Manocha, 1986).

Chitinases and related lytic enzymes may be involved in colonization of

host plants by vesicular arbuscular mycorrhizal (VAM) fungi; order

Endogonales, class Zygomycetes (Spanu et aI., 1989; Dumas-Gaudot et aI.,

1992). Even though VAM fungi are obligate symbionts, they trigger peroxidase

and chitinase induction in mycorrhizal roots of Allium porrum (leek) as in the

case for pathogenic microorganisms (Spanu et aI., 1989). Dumas-Gaudot et al.

(1992) showed that chitinase activities were always higher in roots of leek,

onion and pea colonized by various Glomus sp. compared to the non

mycorrhizal plants. Several additional isoforms of chitinase were induced over

constitutive chitinases present in control roots. Enhancement of chitosanase

(EC 3.2.1.99) activity was also found in leek and onion roots while there was a
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lack of any B-1,3 glucanase activity in colonized leek and onion roots. This

correlates with the fact that VAM fungi, together with other Zygomycetous fungi,

contain mainly chitin and chitosan in their cell walls and lack B-1 ,3 glucans

(Bartnicki-Garcia, 1968), but the increased chitinase could be of plant origin.

Endochitinase and B-1,3 glucanase gene expression was recently

studied in bean roots infected with Glomus intraradices in order to see test if a

correlation existed between increased enzyme expression with inhibition of

intraradial fungal growth seen under high phosphorous (P) conditions (Lambais

and Mehdy, 1993). Expression of both enzymes was suppressed to a greater

extent at low P concentrations than at high P concentrations. In contrast to

above, expression was high during the early stages of fungal colonization

followed by a suppression of activity at later stages. Generally, the results

suggested suppression of plant defense mechanisms at low and high P

concentrations and during the latter, lower levels of endochitinase suppression

may contribute to reduced root colonization (Lambais and Mehdy, 1993).

Mycoparasitism by several strains of Trichoderma spp. has been

correlated with the presence of lytic enzymes such chitinase and B-1,3

glucanase. Both enzymes are induced by different strains of Trichoderma

harzianum in culture media supplied with cell walls of Rhizoctonia solani and

Sclerotium rolfsii as the sole carbon source (Elad et aI., 1982). Direct

degradation of purified cell walls of Botrytis cinerea has also been shown by T.

harzianum (strain CECT 2413) (De La Cruz et aI., 1992). Inhibition of spore

germination and germ tube elongation of nine chitin containing test fungi was

caused by endochitinase and exochitinase activity from T. harzianum strain P1

(Lorito et aI., 1993). A synergistic increase of antifungal activities resulted when

the two enzymes were combined (Lorita et aI., 1993). Another fungal

endochitinase, purified from Gliocladium virens strain 41 showed antifungal

activity against B. cinerea, although with lower efficacy (Di Pietro et aI., 1993).

Lytic activity in Trichoderma-Rhizoctonia and Trichoderma-Sclerotium

has been correlated with the degree of biological control in vivo (Elad et at.,

1982; Sivan and Chet 1989). Such is not the case in interactions of T.

harzianum strains mycoparasitic against Fusarium oxysporum f. Spa melonis

and F. o. f. Spa vasinfectum, parasitic on muskmelon and cotton, respectively.

Sivan and Chet (1989) demonstrated that B-1,3 glucanase and chitinase were

released by T. harzianum, but two strains of T. harzianum failed to colonize both

host species in vitro. Production of extracellular chitinase by a Trichoderma Spa
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mycoparasitic on Fusarium oxysporum f. sp. radicis-Iycopersici was shown by

Cherif and Benhamou (1990) using colloidal-gold immunocytochemical

technique. Oligomers of GlcNAc were released from F. o. f. sp. radicis

Iycopersici into the growth medium, starting 48 h after inoculation and at

subsequent times thereafter. Colloidal gold-labelled Wheat Germ Agglutinin

(WGA) served as an indirect probe for chitinase localization. Three to five

chitinolytic bands on sodium dodecyl sulfate (SOS) gels were resolved from

cultures containing host cell wall fragments (Cherif and Benhamou,1990).

Sivan and Chet (1989) speculated that the cell walls of these Fusaria spp. are

apparently more resistant to lysis than other fungal cell walls because of an

outer layer of protein present on Fusaria cell walls. Other mechanisms may be

involved in the biological control activity of Trichoderma-Fusaria interactions

(Ordentlich et aI., 1991). Biochemical characterizations of chitinase 1 isolated

from the culture filtrate of the hyperparasite Aphanocladium album suspected to

be involved in host fungal cell wall degradation has been reported (Srivastava

et aI., 1985; Kunz et aI., 1992).

Regulation of Chitinase Gene Expression

Chitinase gene expression in fungi and other microorganisms is thought

to be controlled by a repressor-inducer system in which chitin or the products of

degradation (oligomers) serve as inducers. St. Leger at at. (1986) investigated

the mode of regulation of chitinolytic enzymes produced by Metarhizium

anisopilae which is the causative agent of green muscardine disease in pecan

weevils. Their work revealed that chitinase and B-1,4 N-acetylglucosaminidase

activities occurred after the appearance of proteolytic enzymes when the

pathogen was grown in the presence of host cuticle. Either chitinase was

induced as chitin became available after degradation of encircling cuticular

proteins or chitinase was released from the cuticle following its solubilization.

Chitinase synthesis was proposed to be regulated by the products of chitin

degradation through an inducer-repressor mechanism. High levels of chitinase

were found only in cultures supplied with chitin, but not pectin, xylan or

cellulose; the most effective inducer was GlcNAc. Glucosamine was capable of

inducing chitinase since chitin from natural sources appears to be partially

deacetylated while chitosan contains approximately 10 to 20% acetylated

residues (St. Leger et aI., 1986). Induction of chitinase expression by GlcNAc
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and repression by glucose also occurs in a chitinase overproducing mutant of

A. album (strain E3) (Vasseur et aI., 1990) and in the entomopathogen

Beauveria bassiana (Smith and Grula, 1983). Blaiseau et al. (1992) examined

regulation of chitinase at the level of gene expression in A. album E3. Northern

blot analysis revealed induction of chitinase 1 mRNA of A. album E3 grown in

the presence of chitin and lack of gene expression when grown in glucose.

Ulhoa and Peberdy (1991; 1992; 1993) addressed chitinase regulation

as well as biochemical characterization in Trichoderma harzianum 39.1. High

chitinase activity was found only in cultures supplied with chitin but not with

cellulose, chitosan or chitobiose. Contrary to that found in the above three

cases, GlcNAc did not promote enzyme production in T. harzianum 39.1 ;

GlcNAc and glucose repressed chitinase synthesis (Ulhoa and Peberdy, 1992).

The same was true of B-1,4 N-acetylglucosaminidase activity (Ulhoa and

Peberdy, 1993).

Together, these studies demonstrate that formation of chitinase in fungi is

controlled by an inducer-repressor mechanism in which chitin or products of

degradation (oligomers) serve as an inducer. Constitutive levels of chitinase

activity was demonstrated in A. album E3 and T. harzianum 39.1 (Vasseur et aI.,

1990; Ulhoa and Peberdy, 1991). Trace quantities of constitutive enzymes

continuously released, even under starved conditions, may be sufficient to

initiate chitin degradation and release soluble oligomers.

Repression by glucose in A. album, B. bassiana and M. anisopilae, and

by glucose and GlcNAc in T. harzianum 39.1 suggests that catabolite

repression or the so called glucose effect may be involved in the regulation of

chitinase synthesis (Vasseur at aI., 1990; Smith and Grula, 1983; Ulhoa and

Peberdy, 1991). Both chitinase and chitosanase can be subject to catabolite

repression in M. anisopilae (St. Leger et aI., 1986). Clearly, fungal chitinases,

like other enzymes supplied with exogenous substrates, are inducible and

subject to catabolite repression.

Molecular Biology and Chitinase Gene Cloning

The gene (CTS-1) for a Saccharomyces cerevisiae endochitinase has

been sequenced following initial cloning by a plasmid based overexpression

(Kuranda and Robbins, 1991). Analysis of the derived amino acid sequence

suggests that the protein contains four domains: a signal sequence, a catalytic
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domain, a serine/threonine rich region and a chitin binding domain at the

carboxy terminal (Fig. 2). Interestingly, the catalytic domain was found to be

clearly homologous to a pathogenesis related cucumber chitinase. Two small

regions of this domain were conserved with the cucumber chitinase, several

bacterial chitinases, endoglycosidase H, and a mammalian Iysozymal chitinase;

all of which cleave the B-1,4 glycosidic bond between adjacent GlcNAc

residues (Kuranda and Robbins, 1991). Using a semipurified chitinase from

yeast cells of C. albicans, chemical modification studies with the use of group

specific reagents suggested the presence of Glu/Asp carboxyl group(s) at or

near the active site, that were important for enzyme activity (Milewski et aI.,

1992).

Description of the chitin binding domain in chitinase fromS. cerevisiae is

noteworthy because a number of cellulose and starch degrading enzymes

incorporate extended high affinity binding domains for their respective

substrates (Knowles et aI., 1987). The binding domain is required for

localization of the enzyme to the yeast cell wall and this enzyme is required for

cell separation (Kuranda and Robbins, 1991 ; Cabib et aI., 1992).

Isolation and sequencing of genes encoding for chitinase I and chitinase

II has been reported in Rhizopus oligosporus (Yanai et aI., 1992). In

comparison to S. cerevisiae chitinase, the structures of the products of the chi1

and chi2 genes have five domains instead of four, with an additional C-terminal

domain present (Fig. 3). Two small regions of the catalytic domain were also

found to be conserved with the B-1,4 glycosidases mentioned above.

Comparison of the deduced amino acid sequences from the nucleotides with

the C-terminal amino acid sequences of the purified chitinases indicated

processing of the precursors at the C termini. It was suggested that this domain

contains two regions: (i) a variable region whose sequence is different for the

two chitinases and where the C terminal processing event occurs and (ii) a

prosequence region which is removed during maturation of these enzymes

(Yanai et aI., 1992). The structures of these chitinases are very similar to the

other fungal carbohydrolases, but the existence of the C-terminal domain is

specific for the chitinases (Knowles et aI., 1987).

The first filamentous fungal chitinase gene sequence was obtained from

Aphanocladium album (Blaiseau et aI., 1992). An antiserum produced against

chitinase 1 from a chitinase overproducing mutant of A. album E3 was used,to

select a suitable cDNA clone using standard techniques. Heterologous
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Fig. 2. Model for primary preprotein structure of chitinase of

Saccharomyces cerevisiae derived from cDNA clones. Numbers above refer to

the number of amino acids in each domain. The signal sequence is cleaved

and the serine, threonine rich domain is glycosylated with sugar chains

containing 2-5 mannose residues post-translationally to yield the mature

protein. Redrawn with permission from Kuranda and Robbins (1991).

Fig. 3. Model for primary preprotein structure of chitinase of Rhizopus

oligosporus derived from cDNA clones. Note the prescence of an additional

domain comprised of two regions at the C-terminal. Redrawn with permission

from Yanai at al. (1992).
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transformation of the putative chitinase genomic fragment to two strains of

Fusarium oxysporum f. sp. melonis resulted in high chitinase activity in the

culture filtrates over the control and did not inhibit growth. Only a partial amino

terminal, 23 amino acid sequence was obtained by direct sequencing of the

chitinase 1 gene. Therefore, no comparison can be made to known complete

amino acid sequences of chitinases from S. cerevisiae or R. oligosporsus.

Role of Plant Chitinases and Glucanases in Anti-Fungal Defense

Although this thesis deals with fungal chitinases, properties of plant

chitinases must be mentioned because of the possible involvement as an active

defense mechanism against chitinous plant pathogens such as fungi or insects.

Higher plant cell wall polysaccharide microfibrils are composed of cellulose, a

polymer of glucose in a B-1,4 linkage, not chitin. Chitin does not exist in plant

cells and in no case has an endogenous plant substrate been found for purified

chitinase (Boller, 1987). Even so, chitinases have been purified from a large

number of plants encompassing diverse taxonomic groups. In fact, several

recent studies have proposed a morphogenetic role for plant chitinase

(Harikrishna et aI., 1991; Kragh et aI., 1991; Samac and Shah, 1991; del

Campillo et aI., 1992; de Jong et aI., 1992; Leung, 1992; Swegle et aI., 1992).

General biochemical properties of many plant chitinases has been

compiled by Bol et al. (1990). In comparison to fungal chitinases, plant

chitinases are generally endochitinases; have molecular masses in the range of

approximately 30 kDa and are acidic or basic in nature (the acidic forms are

secreted into the apoplast or extracellular environment while the basic forms

accumulate intracellularly in the vacuole).

Perhaps more than any other aspect of the research on plant chitinases

has been the observation that they are anti-fungal in nature. It has been

implicitly stated that the in vivo role of these 'pathogenesis related' (PR) proteins

is to protect the host from invasion by fungal pathogens, and that as such, they

are an integral part of a general disease-resistance mechanism (Verburg and

Huynh, 1991; Huynh et aI., 1992). Purified plant chitinases and B-1,3

glucanases attack and partially digest isolated cell walls of potentially

pathogenic fungi (Young and Pegg, 1982; Bol et aI., 1990) and are potent

inhibitors of fungal growth (Boller et aI., 1983; Schulbaum et aI., 1986; Roberts

and Selitrennikoff, 1988; Jacobsen et aI., 1990; Verburg and Huynh, 1991;
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Dumas-Gaudot et aI., 1992; Huynh et aI., 1992; ). Moreover, fungal elicitors

which induce other defense related responses such as phytoalexin synthesis,

can induce chitinase as well as B-1,3 glucanase in several plants (Abeles et aI.,

1971 ; Pegg and Young, 1981 ; Keen et aI., 1983; Mauch et aI., 1984; Roby et aI.,

1986; Kurosaki et aI., 1987; Hedrick et aI., 1988; Kombrink et aI., 1988).

Both chitinase and B-1 ,3 glucanase are coordinately induced during

attack by fungal pathogens (Mauch et aI., 1984; Pegg and Young, 1981 ; Mauch

et aI., 1988a) and by fungal elicitors (Mauch et aI., 1984; Kombrink et aI., 1988).

Chitinase and B-1,3 glucanase act synergistically to strongly inhibit the growth

of 15 out of 18 saprophytic and phytopathogenic fungi while the two enzymes

individually do not affect the growth of all but two of the 15 fungi (Mauch et aI.,

1988b). Collectively, these results demonstrate that both enzymes are capable

of inhibiting the growth of many different fungi and are thus anti-fungal in nature

(Mauch et aI., 1988b).

Chitinase and B-1,3 glucanase induction is considered part of a general

or non-specific defense response initiated in plants since induction can occur

by non-fungal phytopathogens and various physical, chemical and

environmental stresses. The evidence for this is vast, especially in reference to

attack by fungal parasites.

Induction of B-1,3 glucanase occurs in plants since B-1,3 glucans, as well

as B-1,6 glucans, are endogenously present in plant cells. Callose, a B-1,3

glucan, is present in sieve tubes, in cell wall appositions formed in response to

wounding, and in primary plant cell walls (Boller, 1987). Constitutively produced

cell wall B-1 ,3 glucanase and those synthesized de novo and targeted to the

wall in a defense response are thought to be important for turnover of callose

and extension growth (Boller, 1987; Bowles, 1990).

Several studies of plant mediated B-1,3 glucanase release of fungal

elicitors involve investigations of soybean-Phytophthora megasperma f. sp.

glycenia interaction. Two isoenzymes of B-1,3 glucanase isolated from soybean

cotyledons released high molecular weight glucomannan elicitors of glyceollin

from cell walls and living hyphae of P. megasperma f. sp. glycenia (Keen et aI.,

1983). However, no direct fungitoxic activity on P. megasperma f. sp. glycenia

by the purified soybean B-1 ,3 glucanase could be detected (Yoshikawa et aI.,

1990). Exogenous treatment with ethylene caused an increase in B-1,3

glucanase activity and partial resistance against the pathogen was conferred on

susceptible soybean hypocotyls due to higher levels of glyceollin production.
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This result supports the idea that constitutively produced B-1 ,3 glucanase in

soybean may cause resistance by elicitor-releasing activity rather than by direct

inhibition of fungal growth. In soybean, B-1 ,3 glucanase can be induced by

treatment with mercuric chloride or infection with an avirulent fungus (Ham et

aI., 1991).

Chitinase induction seems to be unrelated with compatibility or

incompatibility in host parasite interactions. Mauch et al. (1988a) demonstrated

that growth of the nonpathogen of peas, Fusarium solani f. sp. phaseoli was as

strongly inhibited by chitinase and B-1 ,3 glucanase as the pathogen, F. solani f.

sp. pisi. Both strains also induced chitinase and B-1 ,3 glucanase to a similar

extent in peapods. Chitinase induction occurs in susceptible cultivars of tomato

challenged with Verticillium albo-atrum (Pegg and Young, 1981). Even fungi

which do not contain chitin, such as the Oomycete Peronospora tabacina which

causes blue mold in tobacco, can elicit chitinase in tobacco extracts (Pan et ai,

1992). Systemically induced resistance in susceptible cultivars preinoculated

with tobacco mosaic virus was correlated with the induction of two chitinase

isozymes although induced resistance was elicited by two non-chitinous

phytopathogens (Pan et ai, 1992).

Chitinase induction can occur in plants in response to attack by viruses

(Metraux and Boller, 1986; Bol et aI., 1990; Garcia-Breijo et aI., 1990; Nasser et

aI., 1990; Pan et aI., 1992), bacteria (Metraux and Boller, 1986; Broekart and

Peumans 1988) and many abiotic and physical stresses. This includes

treatment with plant growth regulators such as ethylene (Boller et aI., 1983;

Boller and Vogeli, 1984; Mauch et aI., 1984; Mauch and Staehelin, 1989; Kragh

et aI., 1991); auxin and cytokinin (Shinshi et aI., 1987; Grosset et aI., 1990;

Kragh et aI., 1991); kinetin (Esaka et aI., 1990); mechanical injury or wounding

(Mauch et aI., 1988a); osmotic stress (Ohashi et aI., 1985; Ohashi et aI., 1987);

necrotizing salt solutions (Metraux and Boller, 1986); chitosan (Mauch et aI.,

1984; Mauch et aI., 1988a); phytoalexin elicitors (Mauch et aI., 1984; Roby et aI.,

1986); pectic polysaccharides (Broekart and Peumans 1988); HgCI2 (Nasser et

aI., 1990); 2,4-dichlorophenoxyacetic acid (2, 4-D) (Esaka et aI., 1990; Kragh et

aI., 1991); Cr03 (Jacobsen et aI., 1992) and salicylic acid (Ohashi and

Matsuoka, 1987; Ward et aI., 1991).

Some purified plant chitinases can degrade substrates other than chitin.

Several possess lysozyme (EC 3.2.1.17) activity in bean leaves (Boller et aI.,

1983); grains of wheat, barley and maize (Roberts and Selitrennikoff, 1988);
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potatoes (Kombrink et aI., 1988) and pea pods (Mauch et aI., 1988a).

Conversely, purified plant Iysozymes such as those from fig, Hevea brasiliensis,

latex of papaya, Parthenocissus quinquifolia, cultured Rubus hispidus, turnip

roots and wheat germ have been shown to exhibit very high chitinase activity

(Boller, 1987; Audy et aI., 1990).

Studies of the active site of lysozyme reveal two carboxylic acid residues

that participate in hydrolysis (Verburg et aI., 1992). Based on the shared

catalytic activity exhibited by lysozyme and chitinase, Verburg et al. (1992)

reported that a basic chitinase (Chitinase A) from maize seed contains an

essential tyrosine residue in the catalytic site. Although tyrosine is implicated in

the glycosidic hydrolysis of chitinase as compared to acid catalysis by essential

carboxylic acid residues of lysozyme, the authors do not rule out that chitinase

and lysozyme share similar catalytic mechanisms. Two basic Class I chitinases

from tobacco, CHN-A and CHN-B, contain certain proline rich residues which

may be hydroxylated as a posttranslational mechanism as in other hydroxy

proline rich proteins to modulate chitinase activity and alter substrate specificity

(Sticher et aI., 1992).

Several transgenic plants have been created in order to study the

inducible pattern of chitinase gene expression during fungal pathogen attack.

Chitinase promoter sequences are fused with a B-glucuronidase (GUS) reporter

gene, tranformed into the desired plant and then assayed for GUS activity.

In transgenic A. thaliana containing a previously cloned and sequenced

acidic Class III chitinase gene, GUS expression was induced in mesophyll cell

surrounding lesions caused by Rhizoctonia solani infection and in transgenic

tomato infected with Alternaria solani (Samac and Shah, 1991). However,

infection with Phytopthora infestans , which contains only minor amounts of

chitin in its hyphal cell walls, revealed the same pattern of gene expression.

Therefore, activation of the promoter for the acidic chitinase in transgenic

tomato plants by both pathogens was not limited to infection by chitin-containing

fungi (Samac and Shah, 1991). Class III acidic chitinase accumulate locally and

systemically in cucumber leaves inoculated with not only fungal but also viral

pathogens causing a necrotic response (Metraux et aI., 1988). Patterns of

chitinase localization representing chitinase gene expression in infected tissues

of different plants may be similar but cannot be strictly correlated with fungal

parasite infection.

Constitutive expression of a bean endochitinase gene in transgenic
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tobacco and canola plants afforded increased protection against disease

caused by R. solani (Broglie et at., 1991). Fifty three percent of tobacco

seedlings transplanted in R. solani 'infested soil without the 35-s chimeric gene

died compared to a mortality rate of 22.7-37.1 % for those with the gene (Broglie

et aI., 1991) and similar results were found in canola infected with R. solani.

However, increasing chitinase activity in transgenic plants by overexpression in

tobacco has no discernible effect on resistance by the fungal pathogen

Cercospora nicotinae (Neuhaus et aI., 1991 a). Broglie et al. (1991) speculate

that modification of chitinase expression alone is not sufficient to provide

protection against a wide range of chitinous phytopathogens.

Modified microorganisms can be used as effective biological control

agents to confer potential plant antifungal resistance in addition to the prospect

of creating transgenic plants. A 62% reduction of bean disease caused by S.
roltsii and cotton disease caused by R. solani occurred by spraying crops with

a partially purified endochitinase cloned from Serratia marcescens into E. coli

and with viable cells of transformed E. coli themselves (Shapira et aI., 1989).

Hyphal tip bursting was observed by light and scanning electron microscopy

(Shapira et aI., 1989). The S. marcescens endochitinase (ChiA) gene was

cloned into the plasmid vector pBR322 with a bacteriophage A.. operator and

used to produce large quantities of the enzyme in E. coli.

The Lectin-Chitinase Debate

Mirelman et al. (1975) were the first to speculate that plant lectins may act

as natural anti-fungal agents because of the inhibition of growth and spore

germination of Trichoderma viride with WGA specific for oligomers of GlcNAc.

However, re-evaluation of these results proved that WGA, when prepared by

affinity chromatography with a chitobiose column; also specific for chitinas8,

was contaminated with chitinase and responsible for the inhibitory effect on T.

viride and not the lectin itself (Schulbaum et aI., 1986). The anti-fungal role of

plant lectins remained unresolved until a chitin-binding lectin was isolated from

rhizomes of the stinging nettle, Urtica dioica or U. dioica agglutinin (UDA). This

lectin was not only chitinase free but also a potent inhibitor of the growth of

several phytopathogenic and saprophytic chitin containing fungi in vitro

(Brokaert et aI., 1989). Moreover, UDA was free of chitosanase, B-1,4 N

acetylglucoaminidase and B-1,3 glucanase activity. UDA shows a striking
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amino acid sequence homology with WGA, but has a molecular mass of 8.5

kDa as compared to 36 kDa and is unusually heat and acid resistant.

Compared to inhibitory bio-assays with several plant chitinases, UDA did not

cause lysis at the hyphal tips or affect spore germination which suggests that

the inhibitory mechanism of UDA differs from chitinase (Brokaert et aI., 1989).

Many plant proteins share a common 43 amino acid chitin-binding

domain (Chrispeels and Raikhel, 1991); WGA, rice and barley lectins have four

of these chitin-binding domains. A protein termed hevein isolated from the

phloem sap of the rubber tree exhibits chitinase and lysozyme activity, is anti

fungal in vitro and has one chitin-binding domain (Rozeboom et aI., 1990; Van

Parijs et aI., 1991). The large subunit of a killer toxin encoded by a plasmid

pGKL1 of Kluveromyces lactis which causes irreversible growth inhibition in

sensitive yeast cells has one putative chitin binding domain and similarity to an

exochitinase from Serratia marcescens (Bradshaw, 1990). This large subunit

may arrest the growth of the target yeast cells by interfering with cell wall

biosynthesis and has chitinase activity (Bradshaw, 1990; Butler et aI., 1991).

Wound induced genes in potato tubers, win 1 and win 2 encode for proteins

with a highly conserved 43 amino acid domain (Bowles, 1990). A chitinase from

R. oligosporus and the chitinase from S. cerevisiae responsible for cell

separation both have one putative chitin-binding domain (Kuranda and

Robbins, 1991; Yanai et aI., 1992) and several Class I plant chitinases also

contain such a domain (Shinshi et aI., 1990).

The stinging nettle lectin cDNA has been cloned and sequenced and

shown to contain an open reading frame encoding 374 amino acids even

though UDA is a 8.5 kDa protein and consists of two 43 amino acid chitin

binding domains (Lerner and Raikhel, 1992). Amino acid sequence studies

revealed a putative signal sequence in the amino terminal, two chitin binding

domains, a small spacer region and a long carboxyl terminal domain (Fig. 4).

Intriguingly, 60% sequence homology was found with the carboxy terminal

domain and the catalytic domains of several cloned chitinases. Thus, the nettle

lectin gene encodes both a lectin and a chitinase. Presumably, UDA undergoes

a post translational processing event to release the chitin binding domains from

the catalytic chitinase domain hence the 8.5 kDa molecular mass found during

isolation. The spacer region in the stinging nettle lectin preprotein may contain

the recognition site for proteolytic cleavage (Lerner and Raikhel, 1992). Class I

chitinase preproteins do not undergo post translational cleavage of the carboxy



Fig. 4. Model of stinging nettle lectin, Urtica diocia agglutinin (UDA)

primary preprotein structure derived from cDNA clones. The preprotein (374

amino acids) undergoes a post-translational processing event to release the

chitin-binding domain from the chitinase 'like' catalytic domain yielding a

mature 8.5 kDa protein (86 ami,nioacids) with only two chitin binding domain

structure. Redrawn with permission from Lerner and Raikhel (1992).
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terminal whereas UDA, other lectins and hevein do. This result is significant in

light of the antifungal nature of UDA; the lectin and chitinases differ in their

mode of in vitro inhibition of fungal growth (Brokaert et aI., 1989). Since it is not

clear whether overexpression of chitinase in transgenic plants has an effect on

fungal resistance, expression of UDA in transgenic plants may enhance

resistance to fungal pathogens where chitinase does not and may provide an

opportunity to examine any synergistic anti-fungal effect of the lectin and the

chitinase (Lerner and Raikhel, 1992).
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Materials and Methods

organisms and cultural conditions

Cultures of the mucoraceous fungi, Choanephora cucurbitarum (Berk &

Rav.) Thaxter, Phascolomyces articulosus Boedijn ex. Benny and Benjamin,

Mortierella pusilla Oudeman, and Mortierella candelabrum v. Teigh and Le

Monn were routinely maintained on a medium containing malt extract 20 g,

yeast extract 2 g, agar 20 9 (MYE) supplemented with salts of the

microelements Fe2+ (FeCI2) 0.2 g, Mn2+ (MnCI2) 0.2 g, Zn2+ (ZnS04) 0.4 9 and

vitamins thiamine 0.2 g and biotin 0.05 g in 1 L distilled water adjusted to pH 6.5

(Phipps and Barnett, 1975). These fungi are used in our laboratory for studies

on host-parasite interactions as susceptible and resistant hosts or nonhost to

the biotrophic haustorial mycoparasite, Piptocephalis virginiana Leadbeater

and Mercer which is also a member of Zygomycetes (see Manocha, 1987). The

latter was maintained on its susceptible host C. cucurbitarum in a two member

culture grown in complete darkness which is known to inhibit sporulation of the

host and not the mycoparasite (Manocha, 1985). Asexual sporangiospores of

each fungus were liberated by adding sterile distilled water to the culture plate

followed by gentle scraping of the surface with a glass rod.

Spores of each fungus (106 spores/ml) were grown in MYE liquid

medium (same composition as above but minus agar), at 22±1 oC with agitation

on a gyrotary shaker (New Brunswick Scientific, New Brunswick, NJ) at 100

rpm. Each of these fungi germinated at different times: C. cucurbitarum 3-4 h, P.

articulosus 8-10 h, M. pusilla 10-12 h, M. candelabrum 4-5 hand P. virginiana

18-20 h. Following germination, the spores were washed twice by gentle

centrifugation with 0.01 M phosphate buffered saline (PBS) pH 7.2 and

resuspended in PBS for further use. Growth was also carried on a semi-solid

medium in 5 cm agar plates overlayed with sterile dialysis membranes

(Spectrum Medical Industries Inc. Los Angeles, CA) inoculated in the center

with 10 JlI of spore suspension containing 106 spores/ml. For host-parasite

interaction studies, a ratio of at least 10:1 parasite:host spores (eg. 107/106

spores/ml) was inoculated in the center of the agar plates. These cultures were

incubated for 20-22 h at 22±1 oC and infection structures were verified by light

microscopy. Mycelia from liquid cultures and from the surface of the dialysis

membranes were gently washed with PBS buffer.
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chemicals

The following comprises a list of the source of all the chemicals used in

this study. All culture media: Difco Laboratories (Detroit, MI); Nitrocellulose

membranes and molecular biology reagents and equipment: Bio-Rad

Laboratories (Richmond, CA); alkaline phosphatase conjugated Fc fragment

specific goat-anti rabbbit IgG (AP-GAR), 5-bromo-4-chloro-3-indolyl phosphate

(BCIP) and nitroblue tetrazolium (NBT): Promega Corporation (Madison, WI);

S&S Affinica Protein A starter kit: Schleicher and Schnell Inc. (Keene, NH);

Fluorescein isothiocyanate conjugated goat anti-rabbit Fc fragment specific IgG

(FITC-GAR): Jackson Immunoresearch Laboratories (West Grove, PA); WGA,

FITC-WGA, Phytolacca americana agglutinin (PAA) with specificity for N, N'

diacetyl-chitobiose, lysozyme, Bovine Serum Albumin Fr. V. (BSA), Proteinase

K, Pronase E, Trypsin and all other chemicals: Sigma Chemical Co., (St. Louis,

MO); Intercellular fluid extracts (ICF) of tobacco and barley were a kind gift of Dr.

Alain Asselin, Universite Laval, St. Foy, Quebec, Canada. The protocol for

isolation of the ICF's is described in Grenier and Asselin (1990).

Isolation. Purification and Assay of Microsomal Chitinase

Protocols outlining isolation and purification of microsomal and cytosolic

fractions of chitinase of C. cucurbitarum and P. articulosus are described in

Balasubramanian and Manocha (1992).

Protein Extraction

The method of Penefsky and Tzagoloff (1971) was followed. Mycelia of

C. cucurbitarum grown for 24 h in MYE liquid medium were filtered through a

Whatman filter paper No.1 in a Buchner funnel, washed and immediately

plunged into liquid nitrogen. Frozen mycelium was broken in a mortar and

pestle with a small amount of sterile sea sand and TEPI buffer consisting of 10

mM Tris, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM

phenylmethylsulfonyl fluoride (PMSF),1 mM iodoacetic acid, pH 6.8 at 4°C. The

crude mixture was then centrifuged at 1,000 rpm (IEC 870) at 4°C for 10 min

and the supernatant was collected. One part cold n-butanol was then added

and sample was respun at 10,000 rpm (IEC 870) at 4°C for 10 min to separate
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the protein and lipid phases. The protein phase was collected and dialysed in

TE (TEPI without PMSF and iodoacetic acid) pH 7.5 and then lyophilized and

resuspended in minimal amount of TEPI buffer.

Preparation of Antisera

140 JlQ of purified microsomal chitinase obtained from C. cucurbitarum

was dissolved in 500 JlI sterile distilled water from which 250 JlI was mixed with

an equal volume of Freund's complete adjuvant and the mixture was injected

into a New Zealand White rabbit at multiple subcutaneous sites. The remaining

sample was mixed with an equal volume of Freund's incomplete adjuvant and

the mixture was re-injected subcutaneously after 2 weeks. Bleedings were

made 2, 4, 6 and 8 weeks after the last injection. Following clotting,

immunoglobulins were separated according to the method described by Hurn

and Chantler (1980). Protein concentration was calculated to be 1.34 mg/ml

using the Bradford method (1976) and Bio-Rad dye concentrates. The

antiserum was purified further by an affinity chromatography kit consisting of a 1

ml cartridge containing Protein A covalently linked to a stable, synthetic gel

matrix. Following regeneration of the Protein A cartridge with a neutral pH

buffer, the sample was bound to the Protein A ligand with a high pH binding

buffer and eluted with a low pH elution buffer and immediately resuspended in

0.01 M PBS pH 7.2.

Dot-immunobinding Procedure

Dot-immunobinding assays were performed according to the method of

Parent et aI., (1985). Strips of nitrocellulose membrane (0.45 Jlm pore size)

were wetted by capillarity in 20 mM Tris, 500 mM NaCI (T8S) buffer pH 7.5 and

dried. Two JlI of protein samples (1 mg/ml) were applied as dots and allowed to

dry at room temperature. The strips were then: (i) blocked by immersion in 3%

(W/V) gelatin in TSS for 1 h; (ii) washed once in TTBS Le.TBS plus 0.050/0

Tween 20 (V/V) for 5 min; (iii) immersed in antiserum diluted 1:10 000 in TTBS

for 1 h; (iv) three rinses of TTBS for 30 min each; (v) treated with AP-GAR diluted

1:10,000 in TTBS for 1 h; (vi) two washes of TTBS for 5 min each and once with

TBS for 5 min; (vii) stained for protein detection with 0.03% BCIP (W/V) and

0.060/0 NBT (W/V) in 0.1 M TBS pH 9.5 (containing 1 mM MgS04) and
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incubated under total darkness until color development. Controls consisted of (i)

omission of the primary antiserum (ii) omission of the secondary antibody and

(iii) replacement of the primary antiserum with pre-immune serum.

Western Blot

Solutions of 1 mg/ml of each of crude C. cucurbitarum protein extract;

WGA; PAA; tobacco ICF and barley ICF were dissolved in a standard 2%

Sodium Dodecyl Sulfate (SDS) reducing buffer for 4 min at 950C. Protein

sample (15 Jlg of each) was loaded onto a Bio-Rad mini SDS-PAGE gel

apparatus consisting of an 11 % acrylamide separating gel and a 4% stacking

gel and electrophoresed at 150 V (constant voltage) for approximately 45 min.

Western blots were performed using the method described by Towbin et

aI., (1979). Proteins separated by SDS-PAGE were transfered to nitrocellulose

membranes using the Bio-Rad Trans Blot Apparatus and transferred overnight

in a transfer buffer consisting of 25 mM Tris, 192 mM glycine and 20% (VN)

methanol, pH 8.3 at 30 V (constant voltage). The procedure for detection of

proteins and controls experiments were the same as used for dot immuno-

binding assay.

Immuno-fluorescence

An indirect immuno-fluorescence protocol using FITC-GAR capable of

binding to rabbit-anti-chitinase was chosen. 200 JlI aliquots of the germinated

spores of each fungus was placed in sterile eppendorf tubes and briefly washed

with PBS to form a small pellet. These cells and mycelia from liquid medium

cultures or those formed on the surface of the solid medium were all

immediately fixed with 20/0 formaldehyde in 0.01 M PBS for 2 h at room

temperature followed by thorough washing with PBS. Appropriate dilutions,

incubation time and temperature of the primary and secondary antisera which

gave no further change in fluorescence intensity were empirically determined

for ideal results. Cells were incubated with 1:10 anti-chitinase for 1 h at 40C

followed by careful washing three times for 5 min each with PBS plus 4%

bovine serum albumin (BSA) plus 1% thimerosal with brief centrifugation to

remove all unbound primary antiserum. A 1:10 dilution of the FITC-GAR was

added for 30 min at room temperature and washed with PBS-BSA followed by
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PBS buffer alone. The cells were carefully mounted on clean glass slides and

viewed with a Wild-Leitz DIAPLAN epifluorescence microscope equipped with

an automatic camera. Controls consisted of (i) incubation with rabbit anti

chitinase only (ii) incubation with FITC-GAR only (iii) replacement of the rabbit

~nti-chitinase with rabbit pre-immune serum.

Treatment of the germinated cells with commercially available

proteinases prior to incubation with anti-chitinase is described in Manocha and

Sahai (1991). A suspension of 1 ml of germinated cells and 1 ml of the

proteolytic enzymes, Pronase E (11.6 units/ml), Proteinase K (13.8 units/ml) or

Trypsin (14.4 units/ml) prepared in PBS and adjusted to the respective pH

optimum (pH 6.8 for Pronase E and pH 8 for Proteinase K and Trypsin) were

incubated for 30 min at room temperature. Permeabilization of the cell surface

prior to treatment with anti-chitinase was performed by immersion of the cells in

methanol kept at -20oC for 4 min followed by acetone kept at -20oC for 1 min.

Mechanical injury consisted of carefully cutting hyphae grown on the agar

surface with a razor blade prior to fixation. The entire indirect immuno

fluorescence assay was repeated at least three times.

Direct FITc-WGA Binding Assay

The protocol outlined in Manocha (1985) was used. Washed cells were

incubated with 7 ml of FITC labelled wheat germ agglutinin (1 mg/ml) and 43 ml

of 0.01 M PBS plus 6% BSA and 1% thiomersal for 30 min at room temperature

in complete darkness. The cells were then extensively washed in PBS plus 10
/ 0

thiomersal and mounted on clean glass slides and viewed with fluorescence

microscopy. The control consisted of preincubation of WGA with 100 mM N, N',

N" tri-acetylchitotriose prior to addition of the cells. This direct FITC-WGA

binding assay was also repeated at least three times.
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Results

Dot Immunoblot

Specificity of the anti-chitinase antiserum was initially tested using a dot

immunoblot protocol as described under Material and Methods (Fig. 5i & ii).

Cross reactivity was found with purified microsomal chitinase isolated from C.

cucurbitarum (Fig. 5A). A reaction was also found with the cytosolic chitinase

from C. cucurbitarum (Fig. 58) and microsomal and cytosolic chitinase from P.

articulosus (Fig. 5C and D, respectively). Strong cross reactivity was found with

commercially available chitinase from Streptomyces sp. (Fig. 5E) while a weak

reaction was observed with a crude 10 day culture filtrate extract from a

chitinase secreting Streptomyces sp. strain (Fig. 5F). Fairly strong cross

reactivity was found with both chitin binding lectins WGA and PAA to a lesser

extent (Fig. 5H and I); both plant leF's from tobacco and barley (Fig. 5J and K)

and also lysozyme (Fig. 5L). There was no reaction with BSA (Fig. 5G) or with

th~ control experiment omitting the anti-chitinase antiserum (5ii) or the

secondary antibody.

Western Blot

Two prominent bands (Mr 98 and 66 kDa) and one faint band (97 kOa)

were observed (Fig. 6A) with the crude protein extract of C. cucurbitarum. The

band with molecular mass 66 kDa corresponds to microsomal chitinase isolated

from C. cucurbitarum (Balasubramanian and Manocha, 1992). Cross reactivity

of the anti-chitinase antiserum was also seen with PAA and WGA with discrete

bands corresponding to molecular masses of 44 kDa and 22 kDa, respectively

(Fig. 68 and C). ICF's of Tobacco showed several bands most notably at 27 kDa

(Fig. 60) and 26 kOa with barley (Fig. 6E). Specificity of the anti-chitinase

antiserum was verified with three controls described under Materials and

Methods, none of which gave any reaction (data not shown).
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Fig. 5i & ii. Dot immunoblot with anti-chitinase antiserum (5i). Chitinase

isolated from microsomal (A) and cytosolic (8) fractions of Choanephora

cucurbitarum. Microsomal (C) and cytosolic (0) chitinase isolated from

Phascolomyces articulosus. Commercial chitinase from Streptomyces Spa strain

(E) (SIGMA). Crude 10-day culture filtrate extract from chitinase secreting

Streptomyces Spa strain (F). 8SA (G), WGA (H), PAA (I), ICF's from tobacco (J)

and barley (K) and lysozyme (L). The control experiment deleting the anti

chitinase antiserum and incubating with the secondary antiserum alone is

shown in 5ii. See text for abbreviations.

Fig. 6. Western blot with anti-chitinase antiserum. Crude protein extract

from C. cucurbitarum (A), PAA (8), WGA (C) and leF's from tobacco (0) and

barley (E).The masses (kOa) of the molecular weight standards are shown in

the leftmost lane.
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Part A. chitinase Immuno-fluorescence of Five Zygomycetous Fungi

Results of the indirect anti-chitinase fluorescence immuno-cytochemistry

and direct FITC-WGA binding assay are summarized in Table 2. There was no

fluorescence in the ungerminated spores of C. cucurbitarum, M. pusilla and M.

candelabrum with the anti-~hitinase probe. However, a positive reaction for

chitinase was seen in the ungerminated spores of P. articulosus and P.
virginiana with strong fluorescence along the perimeter of the spore in a slightly

discontinuous fashion for P. articulosus (Fig. 7A & B) and weak fluorescence

along the spore perimeter of P. virginiana (Fig. 8A & B).

Chitinase was also present along the perimeter of the swollen spores of

all the fungi tested. Strong fluorescence in P. virginiana is represented in Figure

9 (A & B) while weak fluorescence in this manner is shown in M. pusilla (Fig.

1OA & B). There was no spore swelling in the case of C. cucurbitarum.

Germination of C. cucurbitarum occurred by a lengthwise splitting of a

sporangiospore striation during the outward pushing of the newly emerging

germ tube. Chitinase was found to be localized only at the point of germ tube

emergence with slight fluorescence along the perimeter of the spore. There was

no localization of chitinase at the apex nor was there any detection of

fluorescence at newly forming branch sites. All five fungi had the same pattern

of fluorescence during germination when probed by the anti-chitinase antibody.

Such a result is clearly illustrated with C. cucurbitarum (Fig. 11 A & B). Mild

proteolysis with commercially available proteinases and permeabilization of the

cell surface failed to reveal chitinase at the apex or at the newly emerging

branch site.

There was a lack of fluorescence with anti-chitinase in 24-h-old hyphae

of C. cucurbitarum, M. pusilla, M. candelabrum but not P. articulosus and P.

virginians. Reiterat.ion of the lack of fluorescence at the hyphal apex was seen

when mechanically injured hyphae of M. pusilla showed fluorescence while

apices of the same hyphae did not show any fluorescence (Fig. 12A & B).

Sporangia developed in each fungus within 48 h on the agar surface.

and strong fluorescence was seen along the perimeter of the sporangium as

illustrated in M. pusilla (Fig. 13A & B).

There was no fluorescence with deletion of either the anti-chitinase

antiserum or FITC-GAR and with replacement of anti-chitinase with pre-immune

serum. Cells in each of the cases exhibited only slight autofluorescence.



Table 2

Summary of chitinase immuno-fluorescence (A) and FITC-WGA (8) binding patterns at various growth stages of zygomycetous fungi

Growth C. cucurbitarum M.pusilla M. candelabrum P. articulosus P. virginiana

stage A 8 A B A B A B A B

Ungerminated

spore - - * - - - - ++a ++a +a ++a

Swollen spore NO NO +a ++a +a +a ++a ++a ++a ++a

Germ tube ++b ++c ++b ++c ++b ++b ++b ++c ++b ++a

Hyphae - +d - ++a - +d ++a ++a ++a ++a

Sporangium ++a ++a ++a ++a ++a ++a ++a ++a NO NO

* Intensity of Fluorescence: - no fluorescence, + weak fluorescence, ++ strong fluorescence, ND not determined.

a fluorescence along entire perimeter of cell surface

b fluorescence along spore perimeter and site of germ tube emergence

C fluorescence along spore perimeter, site of germ tube emergence and at the apex

Pfluorescence of some hyphae at the apex

~
0)



Figs. 7-13.

Figs. 7 & 8.
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Representative bright field, phase contrast and fluorescence

micrographs of indirect anti-chitinase

immunofluorescence test of five zygomycetous fungi. See

text for explanations.

Ungerminated spores of P. articulosus (Fig. 7A & B) and P.

virginiana with indirect anti-chitinase immunofluorescence

test (Fig. 8A & B) X 1200
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Figs. 9 & 10.
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Swollen spores of P. virginiana (Fig. 9A & B) and M. pusilla

with indirect anti-chitinase immunofluorescence test (Fig.

10A & B) X 1200
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Fig. 11A & B. A germinated spore of C. cucurbitarum with indirect anti

chitinase immunofluorescence test X 1200
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Figs. 12 & 13.

Figs. 14-20.

Fig. 14A & B.

Mechanically injured hyphae (Fig. 12A & B) X 1500 and a

sporangium (Fig. 13A & B) X 600 of M. pusilla with indirect

anti-chitinase immunofluorescence test

Representative bright field and fluorescence

micrographs of the direct FITC-WGA binding

assay of five zygomycetous fungi. See text for

explanations.

A germinated spore of C. cucurbitarum treated with FITC

WGA X 600
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Part A. Direct FITc-WGA Binding Assay of Five Zygomycetous Fungi

Just as the case with the anti-chitinase probe, oligomers of GlcNAc were

not localized in ungerminated spores of C. cucurbitarum, M. pusilla and M.

candelabrum, but strong fluorescence was observed along the perimeter of P.

articulosus and P. virginiana. Swollen spores of each fungus also matched the

result with anti-chitinase in that fluorescence was seen along the spore

perimeter.

Three reactions in the germinated spores were found with FITC-WGA

treatment. Most notably was the localization of oligomers of GlcNAc at the

hyphal apex in addition to fluorescence at the site of germ tube emergence and

the perimeter of the spore as shown in C. cucurbitarum (Fig. 14A & B). The

same pattern was found with M. pusilla and P. articulosus while in M.

candelabrum there was no difference between chitinase localization and

binding with FITC-WGA (Fig. 15A & B). In P. virginiana, fluorescence was seen

along the entire perimeter of the germinated spore.

Twenty four-h-old hyphae of M. pusilla and P. articulosus exhibited

strong fluorescence along the entire hyphal cell surface (Fig. 16A & B), while

hyphae of C. cucurbitarum showed fluorescence at the hyphal apex and newly

emerging branch sites when treated with FITC-WGA (Fig. 17A & B). With M.

candelabrum, there was apical and subapical fluorescence (Fig. 18A & B).

Mechanically injured hyphae matched the result found with the anti

chitinase probe with fluorescence present at the site of injury (Fig. 19A & B).

Sporangia of each fungus also showed strong fluorescence along the perimeter

as was the case with chitinase localization (Fig. 20A & B). Pretreatment of FITC

WGA with its inhibitory hapten prior to addition of the cells resulted in slight

autofluorescence.
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A germinated spore of M. candelabrum (Fig. 15A & B) X 1200

and twenty four-h-old hyphae of P. articulosus (Fig. 16A & B)

treated with FITC-WGA X 600



57



Figs. 17 & 18. Twenty four-h-old hyphae of C. cucurbitarum (Fig. 17A & B)

X 1200 and M. candelabrum (Fig. 18A & B) treated with

FITC-WGA X 600
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Figs. 19 & 20.
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Mechanically injured hyphae of C. cucurbitarum (Fig. 19A &

B) X 1200 and several sporangia of M. pusilla (Fig. 20A & B)

treated with FITC-WGA X 600
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Part B. chitinase Immuno-fluorescence and FITc-WGA Binding Assay During

Host-Parasite Interaction

Typical infection structures ot the mycoparasite, P. virginiana were found

on the susceptible and resistant host within 20-22 h on the surface of the agar

plates overlayed with a dialysis membrane. The binding patterns for both

chitinase localization and WGA were identical in the susceptible host, C.

cucurbitarum challenged by P. virginiana (Figs. 21 A & B & 22A & B,

respectively). Fluorescence was found along the entire cell surface at the

mycoparasite but was not detected at all along the surface at C. cucurbitarum.

This matched the results obtained with axenically grown C. cucurbitarum and P.

virginiana (ct. Table1 and Part A of the results).

In case of the resistant host, strong fluorescence was detected using both

probes along the cell surface of P. articulosus as well as the mycoparasite (Figs.

23 (A & B) & 24 (A & B); data represented is for FITC-WGA binding only).

Appressoria formed on the surface of either host fluoresced with both probes as

is clearly represented in Figures 23 (A & B; arrows) and 24 (A & B; arrows).

Swollen spores of the mycoparasite attached to the cell surface of both hosts.

Again, strong fluorescence was observed along the entire spore perimeter of P.

virginiana with both probes (data not shown).
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Figs. 21 & 22. Bright field and corresponding fluorescence

photomicrographs of the susceptible host, C. cucurbitarum challenged with the

mycoparasite, P. virginiana, 20 h post-infection X 600. Indirect chitinase
immuno-fluorescence is illustrated in Fig. 21 (A & B) while direct FITC
WGA binding is represented in Fig. 22 (A & B). Note absence of fluorescence

along the surface of C. cucurbitarum with both probes.
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Figs. 23 &24. Bright field and corresponding fluorescence

photomicrographs of the resistant host, P. articulosus challenged with the

mycoparasite, P. virginiana, 20 h post-infection X 600 with direct FITC-WGA
binding assay only. Figures 23 (A & B) and 24 (A & B) differ only in depth of

focus. Note prescence of strong fluorescence along the surface of both fungi

and along the appressoria of the mycoparasite (arrows).
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Dis~ussiQn

The results of both immunoblot tests with the polyclonal antiserum

towards the antigen from which it was derived, a microsomal chitinase isolated

from C. cucurbitarum, suggests that this antiserum is indeed specific for

chitinase. In the Western blot, one prominent and one faint band were seen in

addition to a protein with a molecular mass of 66 kDa in the crude total cellular

protein extract from C. cucurbitarum. Using 8DS-PAGE, a purified chitinase

isolated from the microsomal fraction of C. cucurbitarum migrated as a single,

discrete band with a molecular mass of 66 kDa (Balasubramanian and

Manocha, 1992). Therefore, this antiserum can appropriately be referred to as

an anti-chitinase antiserum and is a suitable probe for immunocytochemical

studies. The two other proteins may have similar antigenicity to the microsomal

chitinase, hence the cross reactivity observed in the Western blot, but only the

66 kDa protein has chitinase activity (Balasubramanian and Manocha, 1992).

Cross reactivity of this antiserum was observed with two chitin binding

lectins, WGA and PAA and plant ICF's from tobacco and barley. Prominent

bands at Mr 27 kDa for tobacco and Mr 26 kDa for barley correspond to known

molecular masses of acidic pathogenesis related proteins identified as

chitinases in tobacco with molecular masses of 27.5, 28.5 kDa (Bol et aI., 1990)

and a 28 kDa chitinase identified in barley (Jacobsen et aI., 1990), respectively.

The presence of several bands in these extracts may represent isozymes of

chitinases or other distinct proteins which share similar anitgenic epitopes.

Cross reactivity was also found with lysozyme which is in agreement with recent

evidence of lysozyme activity of chitinase preparations from C. cucurbitarum

and P. articulosus (Balasubramanian and Manocha, 1992).

In this regard, it is known that many plant proteins share a 43 amino acid

chitin binding domain as part of the protein structure (cf. pg. 33; Chrispeels and

Raikhel, 1990). WGA, rice and barley lactins have four of these 43 amino acid

long chitin binding domains. Class I plant chitinases are basic isoforms that

contain two structural domains: a highly conserved cysteine and glycine-rich

amino-terminal domain with chitin binding properties and a highly conserved

chitinolytic catalytic domain, both interspersed with a short (8-11 amino acid)
hyper-variable hinge region rich in glycine and proline residues (Shinshi et aI.,

1990; Neuhaus at aI., 1991 b). Basic isoforms of bean, tobacco, tomato, potato

and an acidic bean chitinase fall into this category (Lawton at aI., 1992).
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Derived amino acid sequences from recently cloned fungal chitinase genes

isolated from Saccharomyces cerevisiae and Rhizopus oligosporus also have

one putative chitin binding domain (Kuranda and Robbins, 1991 ; Vanai et aI.,

1992). Moreover, a high extent of amino acid sequence homology of the

chitinase catalytic domains from both these fungi has been shown towards

catalytic domains present in plant chitinases and other B-1 ,4 glycosidases

(Kuranda and Robbins, 1991 ; Vanai et aI., 1992). To our knowledge, this would

be the first indirect conformation of chitinase isolated from a filamentous fungus

to show similar antigenicity with both chitin binding lectins and chitinases

isolated from higher plants. The presence of certain common protein structures

may suggest a high extent of sequence homology for this particular enzyme

from diverse taxonomic groups. Only direct comparisons of amino acid

sequences could verify this assumption and may explain the cross reactivity

observed.

There is clear evidence to suggest the direct involvement of chitinase in

the processes of spore swelling, germination and sporangium development as

shown by immuno-fluorescence microscopy. The uptake of water during spore

swelling and emergence of the germ tube during germination of a spore would

involve cell wall softening events which would dictate the need for a lytic

enzyme. Cell wall softening during sporangium development and liberation of

spores from the sporangium also would logically involve chitinolytic activity.

Indirect evidence involving chitinase during spore swelling and

germination has been shown before. High chitinase activity in cytosolic extracts

of mycelial form of M. rouxii has been correlated with the onset of germination in

4 h cultures (Pedraza-Reyes and Lopez-Romero, 1989). Recently, the same

group described the identification of 9 chitinase species associated with a 4 h

peak of chitinase activity that is expressed in swollen germ spheres just prior to

the appearance of the germ tubes (Pedraza-Reyes and Lopez-Romero, 1991).

In virulent isolates of the entomopathogen, Nomuraea rileyi, the chitinase

activity/total protein ratio during germination (2 days) was as much as 35 times

greater than that found in conidia at day 0 (EI-Sayed et aI., 1989). Iten and

Matile (1970) correlated gross autolysis associated with stipe elongation and

spore dispersal in Coprinus lagopus with the action of an endocellular chitinase
synthesized shortly after autolysis began in the gills.

Perhaps most notable was the lack of chitinase localization at the hyphal

apex and during new branch site formation with the techniques employed in this
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study. Several lines of experimental evidence corroborate this result. Chitinase

was not detected at the apex of any of the five fungi during germination or at

later stages of growth. Mild proteolysis with commercial proteinases was

attempted prior to labelling since it is known that chitinase exists in a zymogenic

form activated by partial proteolytic degradation (Balasubramanian and

Manocha, 1987). This failed to reveal chitinase at the apex or at newly

emerging branch sites. Permeabilization of the cell surface prior to labelling

also failed to reveal chitinase at the apex. Moreover, the same hyphae that were

injured mechanically did not show any chitinase at the apex.

It could be possible that chitinase may be present in very small

quantitites due to low enzyme turnover, be present in an inactive state or remain

inaccessible to the antiserum for the lack of detection with the techniques

employed in this study. Preliminary results from this study seem to favor the

arguments of Wessels (1986) who supports the contention that autolysins like

chitinase are not involved in apical hyphal growth.

There is clear evidence for the role of chitin synthetase during apical

hyphal growth in zygomycetous fungi. Using autoradiography, incorporation of

the radioactive precursor of chitin ([3H]GlcNAc) was clearly observed at the

apex of C. cucurbitarum. (Manocha and McCullough, 1985). Label

incorporation was also found in mechanically injured hyphae of C. cucurbitarum

within 5 min after sonication. Thus, new chitin microfibrils are being deposited at

the apex and sites of physical injury by chitin synthetase. In the present study,

chitinase was also detected at sites of mechanical injury and during

germination of C. cucurbitarum when splitting of the sporangiospore cell wall

took place. These results might suggest that chitinase is active at rupture sites

and may be associated with chitin synthetase during physical injury.

Oligomers of GlcNAc or chitin microfibrils were detected at the apex of

several fungi through a direct FITC-WGA binding assay. Indeed, the only

difference between the binding patterns of chitinase localization with that of

WGA was the fluorescence at the apex at various stages of growth. Such a

result has been confirmed in various filamentous fungi (Mirelman et aI., 1975;

Manocha, 1985). Chemical analyses of isolated cell walls of C. cucurbitarum, M.
candelabrum, M. pusilla and P. articulosus have shown that chitin is a major

polysaccharide cell wall constituent (Manocha, 1981; Manocha, 1984).

Differences in the dimensional arrangement of chitin microfibrils and the

thickness of cell wall layers were also demonstrated. This apparent
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contradiction can be explained by the fact that WGA will detect otigomers of

GlcNAc only along the surface of the outermost cell wall layer. That chitin was

present along the entire cell surface of some fungi while absent in others further

illustrates the complexities of cell wall polysaccharide biochemistry even in so

closely related fungi. Differences in cell surface binding patterns observed with

WGA cannot be correlated with other host cell wall characteristics which may

account for the extent and nature of parasitism by the mycoparasite, P.

virginiana towards susceptible and resistant hosts and nonhosts. Although very

similar in the patterns of binding, it is suggested that the lectin WGA should not

be used as an indirect probe for the localization of chitinase as reported

previously (Cherif and Benhamou, 1990).

Except for the apparent absence of chitinase and distinct presence of

oligomers of GlcNAc during hyphal apical growth, the patterns of fluorescence

obtained with both probes were identical during typical biotrophic mycoparasite

interactions. Several experiments have been performed in this laboratory in

order to measure both response during penetration and properties of chitin

synthestase activity in vitro, in susceptible and resistant hosts challenged by the

mycoparasite, P. virginiana (Manocha and Graham, 1982; Manocha and

Begum, 1985). Characterization of chitin synthetase response, both in vivo and

in vitro, and morphological observations during infection has led to a hypothesis

proposing higher levels of chitinase activity in the susceptible host and chitin

synthestase activity in the resistant host when challenged by the mycoparasite

(see Manocha, 1987 for details). Manocha and McCullough (1985)

demonstrated localized incorporation of [3H]GlcNAc at the penetration sites on

the resistant but not the susceptible host. However, no work has been done on

the response of chitinase in both hosts during early stages of host-mycoparasite

interaction. Since the patterns of fluorescence with the anti-chitinase probe

were the same in each fungus during early stages of mycoparasitism as if they

were grown axenically, results from this part of the study cannot prove or

disprove the hypothesis proposed by Manocha (1987). Experimental support for

this hypothesis due to the extent and distribution of chitinase and/or chitin

based only on immunocytochemical techniques may be adequately obtained at

the electron microscope level using colloidal gold labelled probes.

Few investigators have attempted to clone chitinase genes in filamentous

fungi as compared to numerous such reports for plant chitinases. These studies

have provided circumstantial evidence for the role of plant chitinases during
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morphogenesis in transgenic plants, elucidated derived structural domains from

eDNA clones of different ehitinase classes and provided speculation for the

origin of plant chitinases. Thus, future studies must utilize colloidal-gold

immuno-cytochemical techniques for chitinase and chitin due to greater spatial

localization and molecular methods to clone chitinase genes in order to clarify

the role of fungal chitinases in morphogenesis and host-parasite interactions.



72

Con«lusions

1. A polyclonal anti-chitinase antiserum is specific for its antigen, microsomal

chitinase isolated from the fungus, Choanephora cucurbitarum, and showed

cross reactivity with other fungal chitinases and bacterial chitinases and chitin

binding lectins from plant sources.

2. Chitinase seems to be directly involved in the processes of spore swelling,

germination, sporangium formation and response to mechanical injury and

could not be detected during hyphal apical growth or during new branch site

initiation.

3. Patterns of chitinase localization directly match the patterns of localization of

oligomers of GlcNAc at various developmental stages of axenic growth and

during typical host-biotrophic mycoparasite interactions, except at the apex and

during new branch site initiation where only oligomers of GlcNAc are localized.

4. Although very similar, the two chitin-binding probes, chitinase and WGA differ

in localization patterns and it is not encouraged that WGA be used as an

indirect probe for chitinase localization.
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