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Abstract

The role of protease dfrichoderma harzianurin the biocontrol ofBotrytis cinereavas examined. Two isolates

of T. harzianumwere compared for their ability to produce protease in liquid culture medium and on the surface of
bean leaves. The biocontrol agdntharziaumr 39 produced 58 mU/ml of protease afdcharzianunNCIM1185
produced 54 mU/ml on the 5th day of growth in liquid culture medium. On bean leaves, combinatrcirefrea

andT. harzianunisolates were examined for the synthesis of protease. The protease activities were 0.9 and 0.6 mU/ml
for T. harzianumr39 and NCIM1185, respectively, and 0.5 mU/ml #r cinereaalone after 48 h of incubation.

In the presence of. harzianumrl'39 culture liquid containing protease, a 55% reductioB.iginereagermination

and a 80% reduction in the germ tube length were observed after 17 h of incuipatitno. WhenT. harzianum
isolates were added . cinereaon bean leaves, increased synthesis of protease was observed (1.0 and 1.2 mU/ml
for T39 and NCIM1185, respectively). In the presencd dfarzianumNCIM1185 protease, although the rate of
germination was reduce®, cinereaattained 98% germination after 17 h of incubation. The hydrolytic enzymes
produced byB. cinerea endo-polygalacturonase (PG) and exoPG were partially deactivated by protease from the
T. harzianumisolates. Carboxymethyl cellulase was deactivated only by protease of NCIM1185. On the surface
of bean leaves, the protease (obtained from liquid culture mediumtadrzianumisolates) resulted in 56—100%
reduction of disease severity. The culture liquid containing protease synthesized on the surface of bean leaves
treated withB. cinereaand withT. harzianunwas collected and added to fresh leaves infecte.lmnerea There

was 56—-100% and 30—-75% reduction of disease severity with liquid droplet collected from the leaves treated with
T. harzianunT39 and NCIM1185, respectively. Increased control of disease was obtained by combining the conidia
of T. harzianumisolates with protease obtained from culture media. Protease inhibitors, trans-epoxysuccinyl-L-
leucylamido-(4-guanidino)butane (E64), antipain hydrochloride, and a mixture of inhibitors, but not pepstatin A,
fully or partially nullified the biocontrol effect of T39. T39 was found to be a poor producer of chitinasg-and
1,3-glucanasén vitro. These enzymes were not detected on leaves treated with T39. Involvement of protease in
biocontrol ofB. cinereais suggested.

Introduction tive mechanisms may be responsible for biocontrol,
including the production of volatile and non-volatile
Botrytis cinereaPers.: Fr., the causal agent for grey antibiotics, production of fungal cell-wall-degrading
mould, inflicts serious food and ornamental crop losses, enzymes, competition for key nutrients or elements,
particularly after harvest (Elad, 1997Jrichoderma including those responsible for activating germination
harzianumhas been extensively used as a biocon- of quiescent pathogen propagules, and induced resis-
trol agent because it affects a large variety of phy- tance (Elad, 1996).
topathogenic fungi that are responsible for major  T. harzianum T39 competes with germinating
crop diseases (Elad and Chet, 1995). Several alterna-B. cinereaconidia in the early stages of the interaction
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(Elad, 1996). It does not act by means of volatile or
non-volatile antibiotics. The role of chitinases gfd
1,3-glucanase in the control achievedTbyharzianum

T39 was assessed by comparing the enzymatic activi-

identified as a serine protease (Geremia et al., 1993).

Autoclaved mycelium, fungal cell wall preparations

or chitin induces this enzyme and its production is
repressed by glucose: it is not induced in the presence

ties of five isolates of the same species and correlating of glucose. Protease activity ®f harzianumincreases
them with control achievements; there was no correla- when the liquid culture medium contains organic nitro-

tion between the ability to degrade cinereacell-wall
polymers and biocontrol activity. In any case, no myco-

gen sources (Kapat et al., 1996). It has been sug-
gested that this protease is involved in the degradation

parasitism has been observed in the interaction betweenof pathogen cell walls, membranes and even proteins

T39 andB. cinerea(Elad, 1996). Therefore, no role for

chitinases and glucanases in the controBotinerea

by T. harzianunir39 has been demonstrated.
Interference with pathogenicity processes has

released by the lysis of the pathogen, thus making nutri-
ents available for the mycoparasite (Goldman et al.,
1994). However, the role of proteases in the control of
B. cinereaby T. harzianumr39 has not been demon-

been suggested as a mode of interaction betweenstrated.

T. harzianumT39 and B. cinerea The effect of
T. harzianumT39 onB. cinereagermination and on

We report here the effect of protease of the bio-
control agenfl. harzianumT39 and ofT. harzianum

lesion production by the pathogen has been testedNCIM1185 (Arnab et al., 1996) on the control by

on bean leaves (Zimand et al., 1996). Initially, 20 h
after application, the biomass of germ tubes of the

pathogen was reduced by the biocontrol agent, possi-

bly due to nutrient competition, but no difference in

B. cinerea

the amount of pathogen mycelium could be observed Materials and methods

48h after inoculation. Nevertheless, the activity of

the pectolytic enzymes, polygalacturonase (PG), pectin Fungi and plants

methyl esterase (PME) and pectate lyase (PL), pro-

duced byB. cinereaon bean leaves, was reduced in the
presence of. harzianunir39 and disease was signifi-
cantly reduced by the antagonist (Zimand et al., 1996).

Two isolates ofTrichoderma harzianunRifai were
used: the biocontrol agent harzianumT39 (Elad,
1994; Zimand et al.,, 1996) and. harzianum

These reductions in enzyme activities were detected NCIM1185 (Biochemical Engineering Laboratory,

even 4 days after inoculation (Zimand et al., 1996).
The activities of chitinaseg-1,3-glucanase and cuti-

Department of Chemical Engineering, Indian Institute
of Technology, Madras, India). The pathogBwotrytis

nase, but not that of cellulase, were also reduced in cinereaPers.: Fr., originally isolated from a cucumber

the presence of the antagonist (Kapat et al., 1998b).

This indicates a mechanism of biocontrol by which
the antagonist interferes with the pathogenicity pro-
cess. It could be a direct action of T39 Bn cinerea
hydrolytic enzymes, or it could be an indirect effect, by
affecting plant factors that induce enzymatic activity in
B. cinerea

Protease production is common for microorganisms
including fungi (North, 1982), among whicfricho-
dermaspp. are well known producers (Haab et al.,
1990). Proteolytic activity ofT. viride was claimed
to be involved in biocontrol ofSclerotium rolfsiiin
autoclaved soil (Rodriguez-Kabana, 1978). Endopro-
teinase ofBacillus megateriuntan inactivate extra-
cellular enzymes oRhizoctonia solaniBertagnolli
et al., 1996). One member of the group of hydrolytic
enzymes that is believed to play an important role
in mycoparasitism byl. harzianunwas purified and

fruit (Elad, 1988), was maintained on potato dextrose
agar (PDA) at 22+ 2°C. Conidial suspensions were
prepared by washing 4-day old culture§dfiarzianum
or 14-day old cultures d8. cinereain sterilized water.
TheT. harzianumisolates are referred to as T39 and
NCIM1185 hereafter. Dead cells were obtained by
heating the conidial suspensions for 10 min at AD0
centrifuging the suspensions and resuspending the cells
in sterilized water.

Plants of beanRhaseolus vulgarit.) were planted
in 1-l plastic pots containing peat, vermiculite and
volcanic gravel 2:1:2) and grown in greenhouse
at 22+ 3°C. Leaves were collected from 3 to 4-
week-old plants. Detached leaves were incubated in
30 x 45 x 5cm plastic trays on a plastic grid that was
laid over water-soaked filter paper. The trays were kept
inside a transparent polyethylene bag to prevent desic-
cation and incubated at 222°C for 7 days.
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Treatment of plant material incubation period, mycelial pellets were transferred to
new PDM. The fermentation broth was sampled once
Plant material was inoculated with a8l conidial every 24 h and was centrifuged at 1,00& 4°C for

suspension oB. cinereacontaining 0.02M glucose 10 min. The culture filtrate was dialyzed and stored at
and 0.02 M KHPQ, to promote infection (Leone and —20°C until it was assayed for protease activity.
Tonneijick, 1990). Detached leaves were inoculated

with 30-ul drops containing suspension Bf cinerea Assay of protease

The droplets were harvested every 24 h for 3 days. The

liquid collected from the surface of the leaves was cen- A reaction mixture containing 0.8 ml of Hammerstein
trifuged at 100Q for 10 min before being stored at  casein (80 gI2, dissolved in 0.05 M phosphate buffer,
—20°C. The sample was assayed for protease. Exper-pH 6.0) and 0.2 ml of culture filtrate was incubated
iments were conducted on the surface of bean leavesyithout shaking at 37C for 15 min. The sample was
with conidia ofB. cinereaalone and with various com-  then centrifuged at 1,0@0for 10 min. One ml of the
binations oB. cinereaconidia, conidia of. harzianum supernatant was used for the assay of tyrosine' accord-
(10° mi*) and protease froffi harzianumSince nutri- ~ ing to Lowry et al. (1951). One unit of enzyme activ-
ents promoteB. cinereagermination and infection ity was defined as the amount of enzyme required for
(Elad, 1997), in experiments involving the addition of the formation of Jumol of the product per minute
culture filtrate a secon®. cinereacontrol treatment  of the reaction, under the standard assay conditions.
was included, in which the pathogen was also supple- The activities of the dialyzed protease solutions used
mented with potato dextrose broth (PDB) as rich nutri- throughout the study are mentioned in the relevant

ent source. o _ o Results sections.
The extent of germination dB. cinereaconidia in

droplets on detached leaves was monitored up to 17 hof 5 o 5 wtivation study
incubation. Leaf pieces bearing a drop of the interacting
microorganisms were placed on glass slides, dyed with
aniline blue, incubated at room temperature for 5min

and observed under a light microscope. The germ-tube
lengths were measured with an ocular scale (Elad et al.
1994a,b).

Symptoms of the drop-inoculated leaves were eval-
uated beneath the inoculation droplets according to
an eight-level rot intensity index (0-7) where=0
symptomless leaf tissue, & 1-12% rot, 2= 13-25%
rot, 3= 26-50% rot, 4= 51-100% rot, 5=rot extend-
ing about 1 mm around the droplet=6rot extending
1-3mm and 7= rot extending beyond 3mm (Elad
etal., 1994a,b).

The in vitro study of enzyme deactivation was car-
ried out with three hydrolytic enzymes synthesized
by B. cinerea(exo- and endo-polygalacturonase (PG)
*and carboxymethyl cellulase (CMCase)). Liquid cul-
ture containing the hydrolytic enzymes were obtained
from the liquid culture oB. cinereagrown on specific
carbon source (Kapat et al.,, 1998a). Equal volumes
of the culture filtrate containing a specific hydrolytic
enzyme and. harzianungrowth liquid containing pro-
tease were incubated for 16 h at’22 A mixture of

an equal volume of sterile distilled water and culture
filtrate containing protease was used as a control. The
enzyme activities were measured:at 0 min. Sam-
ples were taken at 30 min intervals and assayed for the
Production of proteas'&‘] vitro residual activities of the enzymes.

Conidia from 4-day-old potato dextrose agar (PDA) Assays of polygalacturonases and

cultures of theT. harzianumisolates (10ml-t) were carboxymethylcellulase

placed aseptically into 250-ml Erlenmeyer flasks con-

taining 50-ml liquid of production medium (PDM). ExoPG activity was determined by measuring the
The growth medium containéd I): (NH,),S0,, 1.4; rate of increase of galacturonic acid concentrations
KH,PQ,, 2.0; NaHPG,, 6.9; MgSQ - 7H,0, 0.3; dex- in enzyme—substrate reaction mixture with dinitrosali-
trose, 1.0; peptone, 10; urea, 0.3 (Anjanikumari and cylic (DNS) acid reagent (Miller, 1959). The reaction

Panda, 1985). The initial pH was adjusted to 5.0 using mixture contained 0.4 ml of 0.25% polygalacturonic

1N HCI. The organisms were grown for 36 h atZ2on acid dissolved in sodium acetate buffer (0.05M, pH

areciprocal shaker, 180 cycles/min. After the specified 5.2) and 0.1 ml of culture filtrate. The net increase of
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reducing sugar in the reaction mixture was determined Na-acetate buffer, pH 4.75), 0.30 ml of acetate buffer
by comparing the measured optical densities with a (50 mM, pH 4.75) and 0.15 ml of culture filtrate] was
standard curve prepared with pure galacturonic acid. incubated at 47C for 1 h in unstirred condition. The
One unit of enzyme activity was defined as the amount reaction was terminated by adding 1 ml of potas-

of enzyme that catalyzed the release afiol of galac- sium sodium-tartrate reagent to the reaction mixture
turonic acid per minute per ml of the culture filtrate (Monreal and Reese, 1969). A control was taken where
under the assay conditions. the enzyme was deactivated by adding 1 ml of potas-

EndoPG breaks down polygalacturonic acid ran- sium sodium-tartrate reagent before the commence-
domly to form polymer fragments with a reducing ment of incubation. The alkaline tartrate reagent was
group at the end; this was measured by the Nelson prepared by mixing 270 g potassium sodium-tartrate
Somogy method (Collmer et al., 1988). The reaction dissolved in 400 ml distilled water and a solution of
mixture contained 1 ml of substrate (2% polygalactur- 6.25g of phenol in 10% sodium hydroxide solution
onic acid:0.4M NacCl:0.2M sodium acetate buffer (17.5g NaOH in 175ml distilled water). The reagent
pH 5.2 : distilled wated : 1:1: 1) and 5@ culture fil- was stored in a dark bottle. One milliliter of dinitrosal-
trate. One unit of enzyme activity was defined as the icylic acid (DNS) reagent was added to the tubes and
amount of enzyme that releaseduhol of reducing the tubes were kept in a boiling water bath for 5 min.
groups per min per ml of culture filtrate, under the assay DNS reagent was prepared by dissolving 1.5 g of 3,5-
conditions. dinitrosalicylic acid in 100 ml of distilled water. The

CMCase was measured in terms of the reducing reaction mixture was cooled to 3G. Seven milliliters
sugar released as a result of enzyme—substrate reacef distilled water were added to each tube to make
tion by Miller's (1959) method. The reaction mixture up the final volume to 10 ml. The mixture was cen-
contained 0.3 ml of substrate (1% CMC dissolved in trifuged at 5000 rpm for 5min and the intensity of
50 mM acetate buffer, pH 5.2) and 0.2 ml of culture fil- colour (formed due to the reaction of N-acetyl-D-
trate. One unit of enzyme activity was defined as the glucosamine released with dinitrosalicylic acid) was

amount of enzyme that catalyzed the releaseghbl measured at 540 nm by a spectrophotometer (Miller,
glucose per min per ml of culture filtrate, under the 1959).
assay conditions. B-1,3-Glucanase in liquids originating froim vitro

culturing or from the surface of bean leaves was mea-
sured in a 0.7 ml reaction mixture contained 0.2 ml of

enzyme sample and 0.5 ml of laminarin (o) in cit-

, o ) rate buffer (50 nM, pH 4.8). The reaction mixture was

The fungi were grown in liquid culture as mentioned .- bated at 50C for 10 min (Elad et al., 1982). The

above for protease production except that colloidal roqcing sugars liberated were estimated by the dinitro-
chitin and laminarin served as sole carbon sources for salicylic acid method (Miller, 1959).

the induction of the respective enzymes and urea was
omitted from the medium. In a separate set of exper- Protease inhibitors
iments the production of these enzymes in the above

mentioned PDM was tested. The protease inhibitors (Wetherall et al., 1995) anti-
Colloidal (acid swollen) chitin was prepared as fol- pain hydrochloride (Sigma), trans-epoxysuccinyl-L-
lows: one gram of chitin (crab shell) was added to |eucylamido-(4-guanidino)butareE64 (Sigma) and
10 ml of 85% orthophosphoric acid. The mixture was pepstatin A (Sigma) and the protease inhibitor
stirred to make a gelatinous paste and stored @tfor cocktail Completé' (Boehringer Mannheim) were

24 h. The gelatinous mixture was reprecipitated intoan added to the drops of Suspensionsa)fcinereaor
excess of cold (1C) distilled water. [t was madetoa B, cinereat T. harzianunconidia on bean leaves.

paste using a pestle and mortar and then resuspended
in Na-acetate buffer (50 mM, pH 4.75). The suspension Statistical analysis
was stored in a sterile container at"@

Chitinase in liquids originating frorm vitro cultur- Experiments were arranged in a completely random-
ing or from the surface of bean leaves was assayed asized design and repeated at least twice. Treatments
follows: a tube containing reaction mixture [0.55ml were replicated at least six times. Data were arcsin
of acid swollen chitin (5gl*, suspended in 50mM transformed, subjected to analysis of variance, and

Production of chitinase and-1,3-glucanase



compared statistically according to Fisher’s protected
least significant difference test At < 0.05.

Results

Effect of live or dead’. harzianuntonidia on
B. cinerea

Leaves of bean were treated with droplets containing
suspensions of live or dead harzianumisolates and
B. cinerea(Figure 1). The presence of killed or live
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1598 + 0.12 and 814 + 0.06 mU/ml and levels of
B-1,3-glucanase were 0, 0, 048+ 0.09, 037+ 0.04
and Q74 + 0.06 mU/ml after 1, 2, 3, 4, 5 and 6 days
of incubation. Whereas T39 was found to be a poor
producer of chitinase anfé-1,3-glucanase. Levels of
chitinase were 0, 0, 0,.81 £+ 0.02, 06 4+ 0.07 and
0.68+0.05 mU/ml and levels o8-1,3-glucanase were
0,0, 0, 0, 111 + 0.03 and 111 + 0.02 mU/ml after
1, 2, 3, 4, 5 and 6 days of incubation. Forty to 65%
lower activities of the enzymes were detected in PDM
cultures.

The production of chitinases-1,3-glucanase and

T39, however, reduced disease severity by 59 and 77%,CMCase on bean leaves by lie cinereawas signif-
respectively after 3 days. The disease reduction by icant (Table 1). The enzymes were not detected when

NCIM1185 was low (41% reduction) compared with
the effect obtained with T39. The killed NCIM1185
did not reduce the disease (Figure 1).

Production of chitinases-1,3-glucanase and
carboxy methyl cellulase birichoderma harzianum
in liquid culture medium and on bean leaves

Isolate NCIM1185 was found to be a producer of chiti-
nase angs-1,3-glucanasé vitro. Levels of chitinase
(+S.E.) were 0, @15+ 0.03, 061+ 0.05, 332+ 0.21,
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Figure 1. Effect of live (e ) or dead W) Trichoderma harzianum
(——=T39, - - -=NCIM1185) conidia on disease inflicted by
Botrytis cinereaon bean leaves. - ¢- = control. Disease was
evaluated according to a 0—7 scale whetefymptomless. Bar
LSD for each sampling date.

suspensions of th€ harzianunisolates were placed
on the leaves. Chitinase argll,3-glucanase oB.
cinereawere found in lower levels when the pathogen
was co-inoculated with live conidia of each of the
T. harzianumisolates on the leaves whereas CMCase
of B. cinereawas not suppressed.

Production of protease byrichoderma harzianum
in liquid culture medium and on bean leaves

Isolates T39 and NCIM1185 were good producers of
proteasdn vitro, and the enzyme was already found
in 1-day-old cultures. The level of enzymes activity
gradually rose as fermentation progressed in both cases
(data notshown). The maximum levels of protease were
58 mU/ml for T39 and 54 mU/ml for NCIM1185 on
day 5.

Different combinations ofB. cinerea and the
T. harzianumisolates were tested for the synthesis of
extracellular protease on the surface of the bean leaves
(Figure 2). When liveB. cinerea T39 and NCIM1185
were grown alone, the protease levels (after 48 h) were
0.7mU/ml, 0.9 mU/ml and 0.6 mU/ml, respectively.
Application of killedB. cinerea T39 and NCIM1185
resulted in similar levels of protease on the bean leaves.
All the above mentioned levels were significantly not
different from levels detected on untreated leaves. The
isolates ofT. harzianum.T39 and NCIM1185 syn-
thesized protease on the leaves when applied alone
(0.95mU/ml and 2.25 mU/ml after 48 h, respectively,
the later significantly different from the untreated con-
trol). The presence of livB. cinereaconidia in combi-
nation with conidia ofT. harzianumr39 resulted in a
significant increased level of extracellular protease on
the surface of the bean leaves (1.35 mU/ml after 72 h)
(Figure 2).
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Table 1 Production of chitinases-1,3-glucanase and carboxymethylcellulase @n8E) byTrichoderma harzianum

isolates and byotrytis cinereaon the surface of bean leaves

B. cinerea T. harzianum Incubation Enzyme
state isolate and state time (days) .
Chitinase B-1,3-glucanase  Carboxymethylcellulase

Water control  — 1-3 0 0 0

+, Heatkilled — 1-3 0 0 0

— T39, heat killed 1-3 0 0 0

— NCIM1185, heat killed  1-3 0 0 0

+, Live — 1 248+ 4.7 584+ 9.3 574+5.1
2 207+2.9 556+ 8.4 597+ 4.6
3 141+17 287+5.6 424+ 4.1

— T39, live 1-3 0 0 0

— NCIM1185, live 1-3 0 0 0

+, Killed T39, live 1-3 0 0 0

+, Killed NCIM1185, live 1-3 0 0 0

+, Live T39, killed 1 204+ 4.1 463+ 6.5 493+ 3.9
2 226+3.1 444+ 6.8 556+ 4.7
3 136+ 1.3 222+43 441+ 4.1

+, Live NCIM1185, killed 1 147+ 3.2 370+ 6.5 462+3.9
2 9.05+21 288+5.1 434+ 38
3 6.4+ 1.0 223+4.7 404+ 33

+, Live T39, Live 1 79+13 6.1+0.7 491+53
2 39+05 27+0.2 593+5.1
3 05+0.01 65+0.8 520+ 4.3

+, Live NCIM1185, Live 1 43+0.7 43+05 380+3.7
2 38+04 80+0.9 480+5.9
3 35+03 56+ 0.6 346+ 45
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Figure 2. Presence of extracellular protease on the surface of
bean leaves treated withichoderma harzianunsolates and with
Botrytis cinereaBar= LSD for each sampling date. Left: - o=
water control with no added fungull = B. cinereaalone and

O =killed B. cinereaalone. CenterT. harzianumT39 alone
killed (OJ) or live (W), each alone — or witB. cinerea - - (Killed
T39= (O and live T3%= o). Right: T. harzianumNCIM1185
alone killed (J) or live (W), each alone — or witB. cinerea - -
(Killed NCIM1185= () and live NCIM1185= ).

Effect of protease on the germination of
B. cinereaconidia

The germination oB. cinereaconidia was observed
and quantified in the presence ©f harzianumpro-
teases (the activity of dialyzed protease was 54 and
58 mU/ml for T39 and NCIM1185, respectively).
B. cinereaattained 100% germination (average germ-
tube length, 10@um) at 17 h of incubation (Figure 3).

In the presence of T39 protease, a 55% reduction in
germination was noticed at 17 h of incubation (aver-
age germ-tube length, 18n) and, in presence of
NCIM1185 protease, although the germination was
slowed,B. cinereawas able to overcome the inhibition
in the later hours of incubation, attaining 98% germi-
nation (Figure 3).

Effect of protease on the hydrolytic enzymes
produced byB. cinerea in vitro

Deactivation studies were carried out using a culture
filtrate protease frori. harzianumisolates (Figure 4).
Protease (50 mU/ml) was added to solutions of three
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Figure 3. Effect of crude protease from cultures Tfichoderma harzianuni39 (@) and NCIM1185 ¢ ) on the germination rate of
conidia ofBotrytis cineregleft) and on the development of germ tubes (right) on the surface of bean leavesLBBrfor each sampling
date.() = Control.
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Figure 4. Effect of crude protease from cultures Bfichoderma harzianunT39 () and NCIM1185 ¢) on the residual activity of

the enzymes, carboxymethyl cellulase (left), endo-polygalacturonase (center) and exo-polygalacturonase Baghtliotinerea
¢ =Control. Bar=LSD.

o

hydrolytic enzymes, exoPG, endoPG and CMCase, Effect of protease on the development of disease on
from B. cinerea.CMCase was affected only by pro- bean leaves

tease fronT. harzianumNCIM1185 (41% reduction in

activity at the end of the incubation). Similar deactiva- In order to find out the effect of protease on disease
tion patterns were observed with endoPG and exoPG severity, a series of experiments was conducted with
in the presence of proteases from T39 and NCIM1185. deactivated or active protease contained in culture fil-
EndoPG was deactivated by 24-35% at the end of the trates of T. harzianum(Figure 5). In the presence of
incubation period and exoPG was deactivated by 58— deactivated proteases of eith&r harzianumisolate,
62% at the end of the incubation period (Figure 4). B. cinereaconidia inflicted severe necrosis on the bean



r 8 £
i u
ue 4 we
73] E n X
w S w 4
wz w8
<= < =
L 2 w =
n
o 24
o
0

12 3 4 5 1234512345

INCUBATION TIME (DAYS) INCUBATION TIME (DAYS)
Figure 5. Effect of crude protease (untreateg— , heat

Figure 6. Effect of the combination of crude protease and conidia

deactivate@= - - -) from cultures offrichoderma harzianum39 ) . .
) L of Trichoderma harzianurif39 (left) and NCIM1185 (right) on
(W) and NCIM1185 ¢ ) on the development of disease incited by the development of disease incited Bgtrytis cinereaon bean

Botrytis cinereaon bean leaves. Disease was evaluated according |,,ves - -— controls ofB. cinereaalone not supplemented with
to a 0—7 scale where £ symptomless¢ = Control. Bar=LSD PDB (0) or supplemented with PDRA). —=B. cinereawith

for each sampling date. conidia of T. harzianum(l), supplemented with PDBA) or
] ] with proteaseq ). Disease was evaluated according to a 0-7 scale
leaves. The extent of disease control with untreated pro- where 0= symptomless. Bat LSD for each sampling date.

tease fronT. harzianunir39 or NCIM was 56 or 86%,
respectively after 5 days (Figure 5). B. cinerea(Figure 7). When droplets from T39-treated
Combinations of dialyzed culture filtrates contain- |eaves were applied, the disease severity was reduced
ing protease (activity of 52 and 59 mU/ml for T39 and as follows: 48-h droplets reduced severity by 39% and
NCIM1185 proteases, respectively) and live conidia of 72-96-h droplets reduced it by 53-56% on day 4. In
T. harzianumisolates were tested for their ability to the case of NCIM1185- B. cinereathe 96-h droplets
suppress disease on bean leaBesinereavas applied had a similar effect to the droplets originating from
as conidia both in the presence and in the absence ofleaves treated with droplets of 96-h droplets of T39-
PDB (Figure 6). In the presence of PDB, cinerea treated leaves whereas 48—72 h droplets of NCIM1185-
inflicted complete necrosis of the leaves by day 5, treated leaves were more effective in reducing the dis-
whereas in its absence the disease severity index wasease (Figure 7).
3.50nday 5. When protease of T39 and live conidia of
the same organism were applied wBhcinereaconi-
dia, complete control of disease was observed. Simi-
larly, in the presence of protease of NCIM1185 and of
the live conidia, the disease was controlled to the great-
est extent (Figure 6).

Delayed application of protease on bean leaves

In order to determine the time course of protease
action in reducing the disease, the addition of culture
filtrate from T. harzianumisolates containing pro-
tease was carried out at various times after inocula-
Effect of liquid from bean leaves @& cinerea tion with B. cinereaconidia on the surface of bean
leavesB. cinereainfection in either the absence or the
Experiments similar to those mentioned above were presence of PDB (controls) reached disease severity
carried out with dialyzed droplets collected from the indices of 2.5 and 7.0 on days 5 and 4, respectively.
surface of bean leaves previously treated wih When the plant pathogen was inoculated together
cinerea, B. cinerea- T39 orB. cinereat+ NCIM1185. with heat-deactivated protease of eitAeharzianum
The droplets were collected after 48-96 h of incuba- isolate from the beginning of incubation, no control of
tion and were applied to fresh leaves together with disease was observed (results not shown). The protease
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Figure 7. Effect of droplets collected from bean leaves treated
with Botrytis cinereaandTrichoderma harzianur39 (left) and
NCIM118S5 (right), after incubation of 48 Il), 72 h (o) and 96 h
(o), on the development of disease incitedBntrytis cinereaon
fresh bean leaves- - =B. cinereanoculated with no additional

liquid. Disease was evaluated according to a 0-7 scale where

0 =symptomless. Bage LSD for each sampling date.

preparations of either isolate (42 and 48 mU/ml, respec-
tively) had a substantial effect on the disease caused

by B. cinerea(Figure 8). No change in the capacity to
control the disease was noticed when NCIM1185 pro-
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Figure 8. Effect of the time of application of crude protease from
cultures ofTrichoderma harzianunT39 (left) and NCIM1185
(right) on the development of disease incitedBntrytis cinerea
on bean leaves - -=controls of B. cinereaalone, not sup-
plemented with PDB {) or supplemented with PDBA). —

= B. cinereawith protease added at the same till¢, Or protease
added 2 @) or 3 (¢ ) days afteB. cinereainoculation. Disease

was evaluated according to a 0-7 scale wheresymptomless.

Bar=LSD for each sampling date.

tease was added on day 2 or 3, as compared with earinhibitor had no effect on the capacity of the biocon-
lier application of protease. Protease of T39 was more trol agent to suppress disease (Figure 9B). Pepstatin

effective when applied on the day of inoculation with
B. cinereathan 2—-3 days later (Figure 8).

Effect of protease inhibitors on biocontrol of
Botrytis cinerea

The effect of protease inhibitors on the suppres-
sion of B. cinereaby T. harzianumT39 was tested
by application of the pathogen and the biocon-
trol agents along with various concentrations of
the inhibitors and with heat treated compounds
(Figure 9). Trans-epoxysuccinyl-L-leucylamido-(4-
guanidino)butane did not significantly affect the infec-
tion potential ofB. cinereaand the heat-treated higher
concentrations of this inhibitor even increased it.
Conversely, the inhibitor at 0.3-3u@/ml, but not
the heat-treated inhibitor, nullified the effect of the
biocontrol agent (Figure 9A). Antipain hydrochloride
inhibited the spread d8. cinereasymptoms, whereas

A increased the severity of disease and did not nullify
the effect of the antagonist (Figure 9C). The mixture
of inhibitors, heat-treated or untreated, promoted the
disease development, but only the non-treated mixture
nullified the effect of T39 (Figure 9D).

Discussion

Live conidia ofT. harzianunT39 achieved better con-
trol of B. cinereaon bean leaves than dead conidia.
However, some suppression of disease was imposed
by the dead conidia (Figure 1). This implies the pos-
sible involvement of induced resistance in the biocon-
trol of B. cinereaby T39, as previously suggested by
De Meyer et al. (1998). In that work the resistance
conferred to the root zone by treatment with T39 was
observed in the foliage of bean, tomato and pepper
plants, whereas in the present study, the possible resis-

the heat-treated inhibitor at all rates increased diseasetance observed was locally induced.

severity. This inhibitor nullified the effect of T39 on

This work is focused on the mechanism of bio-

day 3 of incubation but not later and the heat-treated control by T. harzianumby placing emphasis on the
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effect of extracellular proteases synthesized on the ger-protease in liquid culture and were able to synthesize
mination and growth oB. cinerea Since the capac- protease on bean leaves. The production of protease by
ity of T. harzianumisolates to produce extracellular T. harzianumisolates was induced by the presence of
protease had already been reported (Hagspiel et al.,live or dead conidia of the pathogen (Figure 2). The ger-
1989; Haab et al., 1990; Manonmani and Joseph, mination ofB. cinereaconidia was affected by culture
1993; Geremia et al., 1993), a detailed studyTon filtrates containing protease and other enzyme activi-
harzianumprotease was carried out, in order to eluci- ties to a lesser extent. Assays with culture filtrates pro-
date a protease-mediated biocontrol mechanism. Bothduced by T39 resulted in a substantial reduction in the
T39 and NCIM1185 produced copious amount of rate of germination (Figure 3). Although the rate of
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Figure 9. Effect of the protease inhibiterA — E64= trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butaBe- antipain hydrochlo-

ride, C — pepstatin A, athD — amixture of inhibitors on disease incited Bptrytis cinerealone (a and b) or witfirichoderma harzianum

T39 (c and d). Untreated (a and c) or heat-treated (b and d) solutions of inhibitors were supplemented to the drops of the pathogen, alone
or with the antagonist, at rates of 0 (<> 0.03 (W), 0.3 (4) or 3.0 () ng/ml. Disease was evaluated according to a 0—7 scale where

0 =symptomless. Bat LSD for each sampling date.
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Figure 9. Continued.

germination was slow as compared to controls in the produced byB. cinerea The PGs were affected
presence of NCIM1185 culture filtrate containing the by protease produced by either isolate at
effect was overcome 8. cinereain the later phase of  harzianum (Figure 4) whereas CMCase was not
incubation. The difference in the inhibition achieved affected in the presence of T39 protease. Indeed
by the two isolates may stem from different protease CMCase levels of. harzianurreated leaves were
profiles or from the presence of other compounds such not affected by the presence of the antagonist
as the hydrolytic enzymes chitinagg1,3-glucanase  (Kapat et al., 1998b). Similarly, the endopro-
or cellulase in the liquid. However, for T39 itis certain teinase of Bacillus megateriumdeactivated pro-
that these enzymes are not involved since it is a very teinase and pectin lyase but not cellulase and
poorin vitro producer of them and these enzymes were phospholipase A oRhizoctonia solaniBertagnolli
not detected on bean leaves treated by the antagonist. et al., 1996).

In vitro deactivation studies were performed to To prove the capability of protease preparation
examine the inhibitory effect of protease on three to prevent the development of disease, both heat-
hydrolytic enzymes (exoPG, endoPG and CMCase) deactivated and untreat@dharzianunproteases were



188

tested on the bean leaves. The culture filtrates con- Organization, The Volcani Center, Bet Dagan, Israel,
taining proteases were able to prevent tissue necrosisNo. 2326-E, 1997 series.

(Figure 5), whereas the heat-treated proteases facili-

tated tissue necrosis to the greatest extent. It might
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