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Dry Mycelium of Penicillium chrysogenum Induces
ResistanceAgainst Verticilli um Wilt and Enhances

Growth of Cotton Plants

HezhongDong
�����
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��� �

Dry mycelium(DM) of Penicillium chrysogenum andits waterextract(DME) wereexamined
for their effectson induced resistanceagainstVerticillium wilt andplant growth of cotton
in the greenhouse. Soil applicationof 0.1–5%DM or 0.5–5% DME provided significant
protectionagainstthewilt, relativeto thecontrol.As neitherDM norDME inhibitedmycelial
growth of Verticillium dahliae in vitro, it is suggestedthat the disease-controlling effects
of DM or DME areattributed to inducedresistance.DME (5%), aswell asDME treated
with chloroformor cold acetone, wereaseffective as2% DM in reducing diseaseseverity
of Verticillium wilt, implying that the resistance-inducing substance(s) in DM are mostly
water-soluble,with neitherproteinsnor lipids likely to be responsiblefor the inductionof
resistance.No significantdifferencein root colonization with V. dahliae wasfoundbetween
control-inoculatedand 2% DM- or 5% DME-inoculatedplants. However, colonizationof
hypocotyls andepicotylswasdrasticallysuppressedby either2% DM or 5% DME relative
to thecontrol. Treatmentswith 2% DM or 5% DME significantlyincreasedionically-bound
peroxidase(POX) activity in roots,hypocotyls andthesecondleaf of cottonplants,with the
hypocotyls expressingthehighestincrease.Soil applicationof DM or DME increasedplant
height,freshanddry weightof inoculatedandnon-inoculatedcottonplants,relative to their
correspondingcontrols.It is concluded thatDM maybeusedin cottoncropsto promoteplant
growth andto induceresistanceagainstV. dahliae. POX mightbeassociatedwith thedefense
againstVerticillium wilt.
KEY WORDS:Verticillium dahliae; peroxidaseactivity; Gossypium hirsutum; Gossypium
barbadense.

INTRODUCTION

Verticillium wilt of cotton is an economically important diseasethat occurs in most
cotton production areasof the world (12,36). Verticillium dahliae Kleb., the causal
organism of this disease,is a soilborne fungus which penetrates the cotton root and
systemicallyinfects the plant through the xylem (9,15). Infected cotton plantsusually
exhibit symptoms of marginal chlorosis or necrosis in leaves, discoloration of the stem
vascularbundles,decreasein photosynthesisandincreasein respiration, thusresultingin
a significantreduction of the plant biomassandheavy lossof yield (14). The diseaseis
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generally managedby using wilt-resistantcultivars, crop rotation and cultural practices
(2,27,36). However, none of thegeneticsourcesof resistanceactuallyprovidesprotection
from infection of the vascularsystem,andnoneof the currentuplandcottoncultivars is
immune to V. dahliae, although somearemore tolerantthanothers(6). Sincethepathogen
V. dahliae is ableto survive in the residue of many hostplantsandremains viable in soil
for years,it is alsodifficult to control it by culturalpracticesalone(28). Therefore, it is
necessaryto develop additional methods.

Enhancement of the natural defensesystemsof plantsin order to provide resistance
against fungal,viral, bacterialandnematodalpathogensis anewly developedapproachfor
plantprotection(5,22,25). Local andsystemicresistancecanbe inducedby biological or
chemicalmeansin anumber of plantspecies(23,26) including cotton.It hasbeenreported
that 2,6-dichloroisonicotinic acid (INA) andbenzothiadiazole(BTH) areable to induce
resistanceagainst Alternaria leaf spot of cotton (4,7). Presoakingof seedin BTH and
application of thebiological control agentTrichoderma virens inducedsystemicresistance
against, respectively, Fusarium oxysporum f.sp. vasinfectum and Rhizoctonia solani in
cottonduringtheearlystageof growth (1,6,17).

The phenomenon of induced resistancein cotton againstVerticillium wilt was first
demonstratedby prior inoculation with a mild or anavirulent strainof thesamepathogen
(3,29). Later, resistanceagainst V. dahliae wasinducedwith theaid of spidermites(21),
elicitors from V. dahliae (11), andchemicalcompoundssuchasDL-3-aminobutyric acid
(3-ABA), methyl jasmonate(MeJA), INA andBTH (6,24), aswell aslive T. virens (15).
Here, we report induced resistanceagainst Verticillium wilt in cottonby dry mycelium
(DM), a dry fungal biomassof P. chrysogenum obtainedfrom industryafterextractionof
penicillin. Penicillium chrysogenum wasreported to be a potentbiological control agent
against Botrytis fabae (18). Whenamended to the soil, DM enhancedplant growth by
adding nutrients andimproving soil fertility (16), andprotectedcornplantsby decreasing
the densityof Fusarium moniliforme in soil (13). Recently, we found that an aqueous
extractof DM inducedresistanceagainstFusarium oxysporum f.sp.melonis in melon(10).

The objectives of this researchwere to examine the effects of DM and its water
extract on induction of resistanceagainst Verticillium wilt and plant growth of cotton.
The activities of cytoplasmicand ionically-bound peroxidasesinvolved in the induction
of resistancewerealsostudied.

MATERIALS AND METHODS

Preparation of dry mycelium extracts Dry mycelium (powder) of P. chrysogenum
was obtainedfrom BiochemieLtd., Kundl, Austria. This fungal biomass,dried by the
manufacturerfor 4 h at110

	
C, containsnopenicillin. It is marketedasanorganicfertilizer

(N: K 
 O: P
 O� = 7:1:2). Waterextract of dry mycelium (DME) wasprepared usingthe
following procedure:100g of DM (powder)wassuspendedin 1000ml distilledwater. The
suspensionwasshaken for 2 h at 100 rpm andthenstoredfor 22 h at room temperature.
Afterwards it wasbriefly agitatedandfilteredthrough WhatmanNo. 1 paper. Thefiltrate
wasautoclaved for 30 min at 110

	
C andthe pH measuredafter cooling (10% DME, pH

=2.6–2.8).DME (10%)wasstoredasstocksolutionat4
	
C.Chemicalanalysisof 5%DME

revealed 570ppmtotal N, 186ppmP 
 O� and650ppmK 
 O.
Lipid-free DME and protein-free DME were prepared with the aid of chloroform

andcold acetone, respectively. Onehundredml DME (10%) wasmixedandthoroughly
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agitatedwith 100ml chloroform for 5 min. Whentwo phasesformedafter24h, theupper
waterphasewascollected,its chloroform residuesweredriedoff at 40

	
C, anda lipid-free

DME wasthusobtained astheresidue.Theresiduewasthendissolvedin waterwith the
aid of a droplet of Tween20. Onehundredml DME (10%)wasmixedwith 100ml cold
(-20

	
C) acetone.After 24 h on ice, the mixture wascentrifugedat 10,000 g for 30 min

at 4
	
C. The proteinsedimentwas discarded. Protein-free DME was obtained from the

supernatantafterevaporationof theresidueacetone at 40
	
C.

Plant cultur e and DM or DME tr eatment Two cotton cultivars, H552 (Gossypium
hirsutum L.) andPF15(Gossypium barbadense L.), obtainedfrom HazeraGenetics,Israel,
wereusedin thisstudy. Seedsweresown in 1000-mlpotscontaining anautoclavedmixture
of perlite andpeat(1:1, v/v). After emergence,four healthy seedlings wereleft in each
pot andallowedto grow in thegreenhouse(20–32

	
C). Whenplantsreachedthe two-leaf

stage(13–15daysafteremergence),0.5–5% DME or0.5%fertilizer (20:20:20,N:P:K) was
drenchedinto eachpot (50 ml perpot). Plantsdrenchedwith anequalvolumeof distilled
waterwereusedascontrols, unlessindicatedotherwise.

For the DM (powder) treatment,DM (0.1–5%, w/w) or fertilizer (0.5%, w/w) was
amended to the pottingmixture of perliteandpeat,autoclaved, pottedandthenwatered.
Seedsweresown in eachpot oneweekafterwards. Seedlingswereallowedto grow in the
greenhouseunder theconditions describedabove. After emergence,plantswerewatered
every2 or 3 dayswith anequal volumeof waterperpot.

Fungal inoculum and inoculation A highly aggressive strain of V. dahliae (DL2)
(obtainedfrom Dr. TalmaKatan,TheVolcaniCenter, Agricultural ResearchOrganization,
Bet Dagan, Israel)wasgrown in 9-cm-diampetri disheson50%PDA at 25

	
C in thedark.

Twenty-day-oldcultureswerecrushedin sterilewaterandtheconidialconcentrationwas
adjustedto � 10



per ml before inoculation, unlessindicatedotherwise. DME-treated

plantswereinoculated3 daysafter treatmentandDM-treatedplantsat 15–18 daysafter
emergence. For inoculation, plants were carefully removed from soil and thoroughly
washedwith water. The root tips (3 cm) werecut off, the root systemwasdipped in the
inoculum for 5 min, andinoculatedplantsweretransplantedinto their original pots. Pots
wereplacedin a water-saturatedatmosphereinsidetransparentplasticboxes for 2 daysto
avoid lossof turgor. Plantswerethenallowedto grow in thegreenhouseundercontrolled
temperatures(20/28

	
C, night/day) anda 12-h photoperiod.

Assessmentof diseaseseverity and plant growth Diseaseseverity of Verticillium wilt
wasevaluated3–4 weeksafter inoculation usinga diseasedplant index (DPI), leaf wilt
index (LWI) andvasculardiscoloration index (VDI), according to Li et al. (24). DPI =
number of diseasedplants/total number of inoculatedplants;LWI = number of wilting
leavespertreatment/total numberof leavesin atreatment; andVDI = numberof discolored
organs(mainroot,hypocotylsandthefirst stemnode)pertreatment/totalnumberof organs
in a treatment. Percentageprotectionwasthencalculatedas(1-a/b), wherea is % disease
in treatedplantsandb is % diseasein control plants. Plantheight, freshweight anddry
weight per plant wererecordedandstatisticallyanalyzed 5 weeksafter emergence. All
experimentswere carriedout with five replicatesof four plants in eachtreatment, and
repeatedthreetimes.

Colonization of V. dahliae in the vascular system After evaluationof diseaseseverity,
one3-cmsectionwastakenfrom themainroot, hypocotyl andepicotyl of eachinoculated
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plant (control, treatedwith 5% DME or 2% DM). Eachsampledsectionwas weighed,
surface sterilized by dipping in 5% NaClO� for 30 s, washedwith sterile water, and
homogenizedin 10ml sterilewater. Homogenatewasdilutedthreetimeswith sterilewater
anddispersed(0.1 ml per plate)on PDA containing 300 � g ml ��� streptomycin sulfate.
Plateswere incubatedat 25

	
C in the dark for 3 days. Colony forming units (cfu) of V.

dahliae werecountedandthecolonizationof plantswasexpressedascfu g ��� freshweight
of planttissue(24). Theexperimentwascarriedoutwith four replicateplantspertreatment
andrepeatedthreetimes.

Peroxidaseactivity Healthycotton(cv. H552) plants,3 daysafter5% DME treatment
or 15 daysafter emergencein 2% DM, wereusedfor the analysisof peroxidase(POX)
activity. Plantswereremoved from soil, thoroughly washedwith waterandblotteddry.
Root,hypocotylsandthesecondleaf (0.3–0.6g) weregroundwith a mortarandpestlein
10 ml cold 15 mM sodiumphosphatebuffer (pH 6.0). Thesuspension waspoured into a
50 ml tube,keptstill for 30 min in anice bath,andthencentrifuged(10,000 g for 20 min
at 4

	
C). Thesupernatantwasusedfor theanalysisof cytoplasmic,solublePOX activity.

Extractionof ionically-boundPOX wasperformedby rehomogenizing thepellet(from
eachof theaboveextractions)in 15mM of sodiumphosphatebuffercontaining 1 M NaCl.
Sampleswereincubatedat4

	
C for 2h andcentrifugedasdescribedabove. Thesupernatant

wasusedfor analyzingtheionically-bound POX activity. POX activity of bothsolubleand
ionically-bound sampleswasthendeterminedaccording to thefollowing procedures:Two
hundred � l of thesampleextractwasadded to amixtureof 5 ml 15mM sodiumphosphate
buffer (pH 6.0), 100 � l 0.05M guaiacoland100 � l 2%H 
 O
 in a15ml tube.Theincrease
in opticaldensityat470nmwasrecordedfor 3 minusingaMilton Roy SpectronicGenesys
5 spectrophotometer. POX activity wasexpressedasthechange in absorbanceperminute
pergramfreshweight. Four replicate plantsper treatment wereusedin eachexperiment.
Theexperimentwasrepeatedtwice.

Fungitoxicity tests CzapekDox(CZA) agarcontainingeither0.5–1%(v/v) DME or0.5–
1%(w/v) DM (powder)wasautoclaved, pouredinto 9-cm-diampetridishesandinoculated
with onemycelium plug(3mm)of theV. dahliae pathogen(eightplatespertreatment). The
inoculatedplateswerekeptat 25

	
C in thedarkandcolony diameterwasmeasured5 days

later. Theexperimentwascarriedout twice.

RESULTS

Efficacy of DM in controlling Verticilium wilt Plantstreatedwith 2% or 5% DM, but
not thosetreatedwith 0.1%DM or mineralfertilizer, weresignificantlyprotected– relative
to control plants– against thewilt disease.Percentageprotectionrangedbetween40 and
65 (Table1). Theefficacy of DM in diseasecontrol wasdependent on theconcentration
applied: at 0.1% it wasineffective andat 5% it providednobetterthan2% control. It thus
appears thatthehighestprotection against Verticillium wilt wasobtainedwith application
of 2%DM (Table1).

Efficacy of DME in controlling Verticillium wilt A soil drench with 0.5–5% DME
significantlyprotectedplantsof cv. PF15against thewilt disease,whereas no significant
protection wasobtainedwith theapplicationof amineral fertilizer, relativeto water-treated
plants(control). Percentageprotection by 0.5–5% DM rangedfrom 24 to 74 (Table2). Of
theconcentrationstested,5% DME providedthegreatestprotection.
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TABLE 1. Efficacy of dry mycelium(DM) of Penicillium chrysogenum in controlling Verticillium
wilt in cottoncv. H552. Mineral fertilizer (0.5%,w/w) andDM (0.5–5%,w/w) wereappliedto the
soil prior to sowing; plantswereinoculatedwith Verticillium dahliae 14 daysafteremergence; data
(means� SD)wererecorded21 daysafterinoculation

Treatment DPI� (%) % Protection
(plants)

LWI � (%) % Protection
(leaves)

VDI � (%) % Protection
(vascular
tissues)

Control 93.8� 12.5a – 45.4� 5.3a – 75.0� 5.1a –
Fertilizer 93.8� 12.5a 0 46.7� 6.5a 0 75.0� 9.0a 0
0.1%DM 95.0� 10.0a 0 43.3� 8.2a 4.6 74.4� 8.3a 0.8
2% DM 43.8� 12.5b 53.3 16.7� 5.8c 65.2 36.0� 7.9b 52.0
5% DM 56.3� 12.5b 40.0 20.0� 3.6c 56.0 37.5� 13.5b 50.0

� DPI, diseasedplantindex; LWI, leafwilt index; VDI, vasculardiscolorationindex.�
Within columns,valuesfollowed by thesameletter do not differ significantly(P=0.05)accordingto Duncan’s multiple range

test.

TABLE 2. Efficacy of water extract of dry mycelium (DME) of Penicillium chrysogenum in
controllingVerticillium wilt in cottoncv. PF15.Mineral fertilizer (0.5%)andDME (0.5–5%)were
appliedasa soil drench11 daysafteremergence;plantswereinoculatedwith Verticillium dahliae 3
daysafterDME treatment;data(means� SD)wererecorded21 daysafterinoculation

Treatment� DPI� (%) % Protection
(plants)

LWI � (%) % Protection
(leaves)

VDI � (%) % Protection
(vascular
tissues)

Control 56.7� 5.7a – 33.6� 9.9a – 58.6� 5.5a –
Fertilizer 53.8� 2.5a 5.1 36.7� 5.5a 0 65.0� 3.0a 0
0.5%DME 43.3� 5.8b 23.7 21.8� 7.5b 35.2 42.2� 3.9b 28.0
2% DME 43.3� 5.8b 23.7 15.8� 0.8b 53.0 36.3� 2.8c 38.1
5% DME 28.3� 10.4c 51.1 8.6� 4.1c 74.4 25.2� 1.9d 57.0

� DPI, diseasedplantindex; LWI, leafwilt index; VDI, vasculardiscolorationindex.�
Within columns,valuesfollowed by the sameletter do not differ significantly(P=0.05)accordingto Duncan’s multiple range

test.

Effect of lipid-fr eeor protein-freeDME in controlling Verticillium wilt Datain Table
3 show that 5% DME wasas effective as2% DM in controlling the wilt diseasein cv.
H552. Elimination of either lipids or proteins from DME did not reduce the controlling
efficacy of DME.

Colonization of vascular systemin cotton plants by V. dahliae The colonization of
V. dahliae in various plant tissuesat 4 weeksafter inoculation is shown in Table4. The

TABLE 3. Comparisonof Verticillium wilt disease-controlling efficacy in cottonplantsbetweendry
mycelium(DM) of Penicillium chrysogenum and its variousextracts. DM wasamendedinto soil
beforesowing; DME (waterextractof DM) wasdrenched into soil 13 daysafteremergence;plants
wereinoculatedwith Verticillium dahliae 16daysafteremergence;data(means� SD)wererecorded
28 daysafterinoculation

Treatment DPI� (%) %
Protection
(plants)

LWI � (%) %
Protection
(leaves)

VDI � (%) %
Protection
(vascular
tissues)

Control 95.0� 11.2a – 77.5� 5.6a – 85.0� 13.7a –
2% DM 65.0� 13.5b 32 33.8� 10.8b 55 47.9� 18.1b 44
5% DME 65.0� 13.7b 32 50.0� 8.1c 34 41.9� 7.5b 51
5% Lipid-free DME 50.0� 17.7b 47 30.5� 8.0b 60 48.3� 18.1b 43
5% Protein-free
DME

65.0� 28.5b 32 32.0� 25.2b 58 54.6� 21.7b 36

� DPI, diseasedplantindex; LWI, leafwilt index; VDI, vasculardiscolorationindex.�
Within columns,valuesfollowed by thesameletter do not differ significantly(P=0.05)accordingto Duncan’s multiple range

test.
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TABLE 4. Effectof dry mycelium(DM) or waterextractof DM (DME) of Penicillium chrysogenum
on colonizationof Verticillium dahliae (in cfu) in tissuesof cotton plants. DM and DME were
appliedasdescribedin Tables1 and2, respectively. Data(means� SD)wererecorded21 daysafter
inoculation

Treatment� Colony forming units(cfu g ��� freshweighttissue) � 1000
Root Hypocotyls Epicotyls

Control 367� 124a
�

214� 23a 85� 18a
2% DM 239� 85a 9� 1b 5� 3b
5% DME 269� 59a 10� 9b 6 � 2b

� DM wasappliedto the soil prior to sowing andplantswere inoculatedwith V. dahliae 14 daysafter emergence. DME was
appliedasasoil drench11 daysafteremergenceandplantswereinoculated3 daysaftertreatment.�

Within columns,valuesfollowed by thesameletter do not differ significantly(P=0.05)accordingto Duncan’s multiple range
test.

TABLE 5. Effectof dry mycelium(DM) or waterextractof DM (DME) of Penicillium chrysogenum
on thegrowth of healthycottonplants.Data(means� SD)wererecorded35 daysafteremergence

Treatment� CultivarH552 CultivarPF15
Plantheight
(cm)

Fresh
wt/plant(g)

Dry
wt/plant(g)

Plantheight
(cm)

Fresh
wt/plant(g)

Dry
wt/plant(g)

Control 18.4 � 0.3a
�

3.83 � 0.35a 1.15 � 0.13a 20.5� 1.7a 4.68� 0.52a 1.45� 0.21a
2% DM 22.8 � 1.5b 6.23 � 0.36b 1.95 � 0.16b 28.7� 2.7b 8.12� 0.83b 2.32� 0.26b
5% DME 20.9 � 1.6c 5.02 � 0.44c 1.50 � 0.12c 26.2� 1.8b 6.84� 0.62c 1.88� 0.12c

� DM wasappliedto thesoil beforesowing andDME wasappliedasasoil drench12daysafteremergence.�
Within columns,valuesfollowed by the sameletter do not differ significantly(P=0.05)accordingto Duncan’s multiple range

test.

numberof cfuwasdrasticallyreducedin boththehypocotylsandepicotyls of plantstreated
with either2% DM or 5% DME, but no significantreduction in cfu occurred in the root
tissue,relative to thecontrol plants.

TABLE 6. Effectof dry mycelium(DM) or waterextractof DM (DME) of Penicillium chrysogenum
on the growth of cotton plants inoculatedwith Verticillium dahliae. Data (means � SD) were
recorded35 daysafteremergence

Treatment� CultivarH552 CultivarPF15
Plantheight
(cm)

Fresh
wt/plant(g)

Dry
wt/plant(g)

Plantheight
(cm)

Fresh
wt/plant(g)

Dry
wt/plant(g)

Control 13.7� 1.2a 2.84� 0.03a 0.85� 0.08a 14.8� 1.9a 3.44� 0.16a 1.06� 0.04a
2% DM 15.6� 0.4b 5.60� 0.46b 1.68� 0.12b 16.7� 1.8b 6.47� 0.39b 1.93� 0.12b
5% DME 15.1� 0.8b 5.02� 0.29c 1.51� 0.04c 16.0� 1.1b 4.72� 0.15c 1.49� 0.09c

� DM wasappliedto thesoil prior to sowingandDME wasappliedasasoil drench12daysafteremergence;plantswereinoculated
16 daysafteremergence(4 daysafterDME treatment).�

Within columns,valuesfollowed by thesameletter do not differ significantly(P=0.05)accordingto Duncan’s multiple range
test.

TABLE 7. Percentageincreasein plant growth of healthyplantsandinoculatedplantstreatedwith
either 2% dry mycelium (DM) or 5% water extract of DM (DME) of Penicillium chrysogenum
relative to healthycontrol plantsand inoculatedcontrol plants, respectively. Data were obtained
from statisticalanalysesof Tables5 and6

Treatment H552 PF15
Plantheight Fresh

wt/plant
Dry
wt/plant

Plantheight Fresh
wt/plant

Dry
wt/plant

2% DM 23.9 62.7 70.0 40.0 73.5 60.0
5% DME 13.6 31.1 30.4 27.8 46.2 29.7
2% DM-inoculated 13.9 97.2 97.6 12.8 82.8 82.1
5% DME-inoculated 10.2 76.8 77.7 8.1 37.2 40.6

6 H. DongandY. Cohen



Fig. 1. Solubleperoxidase(POX) activity in cottonplants(cv. H552) treatedwith 2% (w/w) dry
mycelium(DM) or 5%(w/v) waterextractof DM (DME). DM wasappliedto thesoil prior to sowing
andDME wasappliedasasoil drench13daysafteremergence. POX activity wasmeasured16 days
afteremergence. Valuesindicatedby thesameletterdonotdiffer significantly(P=0.05)accordingto
Duncan’s multiple rangetest.

Fig. 2. Ionically-bound peroxidase(POX) activity in cottonplants(cv. H552)treatedwith 2% (w/w)
dry mycelium(DM) or 5% (w/v) waterextractof DM (DME). DM wasappliedto thesoil prior to
sowing andDME wasappliedasa soil drench13 daysafteremergence.POX activity wasmeasured
16 daysafter emergence. Valuesindicatedby the sameletter do not differ significantly (P=0.05)
accordingto Duncan’s multiple rangetest.

Effect of DM or DME on POX activity in healthy cotton plants Neither2% DM nor
5% DME induced a significantchange in solublePOX activity in the roots. However,
activity in either the hypocotylsor the secondleaveswas significantly increasedin 5%
DME-treatedplants,but not in 2% DM-treatedplants, as compared with water-treated
control plants(Fig. 1). Treatments with either2%DM or 5%DME significantlyincreased
ionically-bound POX activity in roots, hypocotyls andthe secondleaf, relative to water-

Phytoparasitica 30:2,2002 7



treatedplants (Fig. 2). The increasein ionically-bound POX activity in hypocotylswas
larger thanin otherorgans(Fig. 2).

In vitro effectsof DM or DME on mycelial growth of V. dahliae Two concentrations
of DM or DME wereamendedto CZA agarto studythepossiblefungitoxic activity of DM
or DME againstV. dahliae. Fungal colony diameterrecorded at 5 daysafter inoculation
did not differ significantly betweencontrol and either DM-amended or DME-amended
plates. However, significantincrementsin colony diameters of DM- or DME-amended
platesrelative to control platesoccurred at 10–20 daysafter inoculation, indicatingthat
DM andDME hada beneficial effectongrowth of this pathogen(datanotshown).

Effect of DM or DME on plant growth Plantheight, freshanddry weightsper plant
of healthycottonplants35 daysafteremergencearegivenin Table5. Both 2% DM and
5% DME significantly increasedplant growth of the two cottoncultivars, relative to the
untreatedcontrol plants.However, cottonplantstreatedwith 2% DM gainedsignificantly
morefreshweight(H552,63%;PF15,74%)or dry weight(H552, 70%;PF15,60%)than
thosetreatedwith 5%DME (H552, 31%,46%;PF15,30%,30%)(Table7).

Data in Table 6 show that plant height, fresh weight and dry weight per plant of
inoculated plants treatedwith either 2% DM or 5% DME were significantly greater
thanof the inoculatedcontrol. Moreover, inoculated plantstreatedwith 2% DM gained
significantlymorefreshweight(H552,97%;PF15,83%)or dryweight(H552,98%;PF15,
82%)thanthosetreatedwith 5% DME (77%,37%;78%,42%)(Table7).

DISCUSSION

A number of chemical compounds and microorganisms were reported to induce
resistanceagainstcottondiseasesincluding Verticillium wilt (6,15,24).However, therehas
beenno reporton deadfungal biomasswhich caninduce resistanceagainstVerticillium
wilt in cotton. Resultsin the presentstudy indicatedthat DM amendedinto the soil or
DME drenched to the roots before inoculation significantly reduced diseaseseverity of
Verticillium wilt in cotton. Sinceno inhibitory effect of DM or DME on mycelialgrowth
of this pathogenwasobserved in vitro, andbecauseapplicationof a chemical fertilizer did
not reducediseaseseverity, it is suggestedthat thecontrol of thewilt diseasewith DM or
DME resultedfrominducedresistance.Waterextractof DM (DME) wasaseffectiveasDM
(powder) in controlling thedisease,implying thattheresistance-inducingsubstanceswere
mostly water-soluble. The fact that eliminationof either chloroform-solublelipophytic
materialsor proteinousmaterials(precipitatingin cold acetone) from DME did not reduce
theefficacy of DME in diseasecontrol, suggestedthat theresistance-inducingsubstances
areprobablyneitherlipids norproteins (or peptides)containedin DME.

Studiesconcerning the mechanismsof induced resistancehave beenperformedfor
almosthalf a century (23). Suchmechanismsdepend on the activator, the plant species
(20,22) and the pathogens (19,30). In general, defense responsesinduced by either
biotic or abiotic agentsinclude processesof oxygen burst, lignification, accumulation of
pathogenesis-relatedproteins,structuralbarriers and phytoalexin accumulation (31,32).
Among the PR-proteins,chitinaseandglucanasespossesspotential antifungal activities,
while POX could be involved in the strengthening of plant cell walls by lignification
(34,35).

Previous studieswith cotton showed that infection with an aggressive strain of V.
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dahliae induced reinforcementof structuralbarriersandproductionof phytoalexins,which
playedkey roles in resistanceagainstVerticillium wilt (3,9). An elicitor of V. dahliae
increasedlevels of POX activities, synthesisand depositionof lignin and lignin-like
phenolic polymers, thus resultingin resistanceagainstthe pathogen (8,11,32). Cotton
cultivars with higher andearlier induced levels of POX activity anddeposition of lignin
possessedenhancedresistanceagainstthis disease(32). We report hereinthatapplication
of DM orDME significantlyincreasedtheactivity of bothsolubleandionically-boundPOX
in hypocotyls. Significantincrementsin ionically-boundPOX activity werefoundalsoin
the rootsof plants treatedwith 2% DM or 5% DME. Surprisingly, ionically-bound POX
activity in hypocotyls of DM- andDME-treatedplantswas1.7-fold and1.3-fold higher,
respectively, thanthat of the control water-treatedplants,andmuchhigherthanin other
tissuesof DM- or DME-treatedplants.Sincethehypocotylsserve asanessentialpathfor
V. dahliae to spreadsystemicallyto uppertissues,thedrasticincreasein POX activity in
hypocotylsby DM or DME maydelayfungal spreaddueto lignification andthusinduce
wilt resistance.

Nosignificantdifferencein colonizationof V. dahliae in therootwasfound amongDM,
DME or watertreatments. In contrast, treatmentwith DM or DME drasticallydecreased
colonization of this pathogen in the hypocotyl and the epicotyl. Similar resultswere
reported with inducedresistancein cotton and tomatoby MeJA or BABA (24). Since
DM andDME causedsignificantlyhigherPOX activity in hypocotylsthanin othertissues,
reduction in colonization in hypocotyls might result from cell wall reinforcement and/or
productionof phytolexins. Phytoalexinswerereportedtoberesponsiblefor thesuppression
of V. dahliae growth in thevascularsystems,andwerepartof themechanism of induced
natural defenseresponses(24). Hemigossypol wasoneof the important phytoalexins in
cottonactiveagainst V. dahliae (12).

Many diseasecontrol measuresincluding useof fungicidesor biological agents could
enhanceplantgrowth (15,37), whereassomeothers,like theuseof resistanceinducerINA
or BTH, were reported to have phytotoxic propertieson crops (33). Suchresponsesof
growth enhancementwereusuallyattributedto an indirect effect associatedwith control
of plant diseases.However, in somecases,it resultedfrom the production of growth-
regulating substances (37). In the presentwork, we found that applicationof eitherDM
or DME significantly promotedgrowth of healthycottonplantsrelative to healthycontrol
plants. Significantincreasesin plant height, fresh and dry weightswere also found in
inoculated plantspretreatedwith DM or DME, compared with water-treated inoculated
plants(control). The enhanced growth of healthyplantscanbe attributedmainly to the
nutritional effect of DM andDME. Indeed,it was reported that DM usedasan organic
fertilizer enhancedgrowth of sweetcorn (13). The growth increaseof inoculatedplants
maybeattributedto bothnutrientssupplyanddiseasecontrol. Nevertheless,thepossibility
thatgrowth-regulatingsubstancesoccurin DM or DME cannotbeexcluded.

TheDM of P. chrysogenum usedherewasfoundnot only to induceresistanceagainst
Verticillium wilt, but also to enhance plant growth. DME was as effective as DM in
induction of resistance.Both DM andDME bearthe potential to be usedin agriculture
for plantprotection andplantproduction.
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