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CELL WALL CONPCSITION OF FUSARIUN OXYSFORUIl £, sp. YASINFECTUN

AlD F. OXYSPORUI! f. sp, NELONIS AS CONPARED WITIHl CELL WALLS OF
SCLEROTIUIY ROLFSII AND RHIZOCTONIA SOLANY,

ABSTRACT

The proteln content of cell walls hydrolysates or usarium

oxysporum was up to {154 and 1847 higher than that of cell walls

Sclerotium rolfsii and Rhizoctonia solani, respectively.

Sindlarly, cell walls of both {forma speclales of F. oxysporum

contalned more herosamines as compared tuv those of S. rolfsit and

solanil. However, cell walls of S. rolfsfi and R. solan{

coittained 58.6Z and 57Z neutral sugars, respectively, as compared -

vith values of 19.5Z2 and 37.9%4 in cell walls of F. oxysporum f.

melonis and . oxysporum {, sp, vasinfectum , respectively.

all tested {fungal cell walls, those of S. rolfsii contatned

the highest amount of 1ipilds (7.57), Following 2h hydrolysis (2l

HpS8504) the non hydrolyzed residuc content of F. oxysporum

" cell walls was found to be much higher than that of S. rolfsit

and R. solani.

INTRODUCTION

Fusarium spp. are spread all over the world and belong +to

the most devastating soll-borne plant pathogens, causing

diversiiled symptoms. Forma speclales of F. OEYsporuin

specifically induce vascular wilt dlisecases in many crops

{(Macllardy and deckman, 19061).

The morphology, physlology and the ecology 1n soil of these

pathogens was broadly reported (Helson et al,, 1901). llowever,

there are not sufficlent data regarding the cell wall

composition of Fusaria and, 1n particular, F. oxysporum, Fungal

cell wall structure contributes to the unique hyphal shape and

serves =as the main barricer against microblal lysis (Potgleter and
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.Alexander, 1966 iChe* t

al, 1967 ; VvVan Eck, 1978}

In the present study we have carried out a chemical
analysis of hyphal wall composition of F. oxysporum {. sp;
melonis and F. oxysporum f. sp. vasinfectum in comparison witn

that of Rhizoctonia solani and Sclerotium rolfsi{.

HATERIALS ARD HETHODS

Fungal culture conditions

Fusartium oxysporum Schlecht f£. sp. melonis Snyd. and Hans,

(F. o. melonis) and F. oxysporum f. sp. vasinfectum (Atk.) Snya:
and Hans., (F. o. vasinfectum) were cultured on & yeast extract-
glucose medium (YH) containing (g/1 distilled water) ysasy
extract (Difco Laboratories Detroit, Michigan, USA) 5 ; peptone
(D1fco) 5 ; glucose, 10 ; agar (Difco) 20, and were Iincubated ay
217¢,

Rhizoctonia solani Kuhn and Scierotlum rolfsii Sacc. verea

grown on a synthetic medium (SH ; OKon et al, 1973) anc{

incubated at 30C.

Preparation of hyphal walls

Hyphal cell walls, produced according to Chet and Hutterman
(1960). F. o. melonis, ‘_F_‘:_ 0. vasinfectum ano PR. solani, werd
grown in liquid YH whu'e S. rolfsiit was grown in liquid SH. Al}
furigi were grown for 95h in Erlenmeyer flasks (250 ml). The
mycelial mats were separated from the medium and thoroughly
washed with distilled water and homogenized in an Ultra-Turrax,

(IkKa-wWerk, Ww. Germany) for 5 min. Hycelial suspension was



centrifuged at 30,000xg, for 20 minutes, at 4C. The precipitate
was re-uspended in distilled water and sonicated, intermittently,
3 times, for 5 minutes each, using a ‘Heat Systems-Ultrasonics’
{HY, USA) sonicator, at £full amplitude. The suspension was
centrifuged again at 800xg, for 20 minutes at 4C, to precipitate
the coarse particles. The supernatant containing the remaining
fine particles, was washed by centrifugatiecn and homogenized
intermittently until no residual glucose.'proteln and amino acids
5::ould be detected in the supernatent, as determined with glucose
oxidase (Sigma), coomassie-brilliant blue (Sedmak and Grossberg,
1977) and nynhidrin (CocKing and Yemm, $954) reagents,
respectively. The precipitated walls were then deep-irozen,

lyophilized and stored as a powder in a sealed container.

Chemical analysis of hyphal cell walls

Samples of hyphal cell wa:l preparations of F. o, melonis,

F. o. vasinfectum, R. solani and S. rolfsii, of 20 mg each, were

sealed in hydrolysis ampoules each of which contained 2 ml of 2H
HpSO04 and heated in an air forced oven at 105 C for 2,
5, 12, 20 and 24h. This method resulted in the highest amount of
glucose after hydrolysis of 5 h., The hydrolysates wzre then
neutralized with HNaOH and dlluted to 25 ml. These diluted
hydrolysates were assayed for total sugars and glucose Dby the
glucose oxidase reagent and phenol sulphuric acid method (Dubois
et al, 1956), respectively.

The hexosawmine content was determined by the Elson-Horgan

method (Elson and Horgan, 1933) in samples of the above mentioned

- .cell wall hydrolizates, which were neutralized with hot Ba(OH)
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and centrifuged at 30.00013' for 15 minutes, to remove the salt.

Amino acid determination was carried out using 20 mg
samples which were hydrolysed in 6N HCl, for 24nh, at 105 C, in
an air forced oven. The hydrolysates were dried under vacuum tin a
rotovapor (Buchi, Switzerland) and tested, using a Biotronlic,
Hodel LC-7000 ( W. dermany) amino acid analyzer. The protein
content was calculated from the amino acid profile.

Lipids were extiracted from 20 mg hyphal cell walls samples
after shaking the samples in sealed 100 ml Erlenmeyer flasks each
‘containing 10 mi chloroform-methnol (2i4;v/v) for 24h, at room
temperature,. The insoluble fraction was removed after
centrifugation and the extracted 1l1iplds were determined:
grzvimetrically in the separated chloroform fraction (Folch et
al,, 1957).

The ash content was determined gravimetrically after
heating the hyphal wall samples at 650 C until no further weight
decrease could be detected.

Infra-red (IR) spectra were obtained with an IR-
spectrophotometer (Nicolet MX-S, USA) using 2 mg of fungal cell
vall powder which was mixed with 90 mg of KBr and pressed into a

pellet (Chet and Huttermann, 1980).

RESULTS
The results of acid hydrelysis of fungal cell walls
(Table i) showed remarkable differences in almost each tested
pParameter. The hexosamine and protein content were found to be

higher 1n cell walls of both fusaria when compared with R.

solani



or with S. rolfsif. On the other hand, the total neuiral sugar
content was higher in hyphal cell walls of R. solany ana §.
rolfsi,

Seventy and 53 percent of total amino acids of F. o. melonis
and F. o. vasinfectum, respectively, were found to be histidine.

The ron-hydrolyzed residue content (after 5h
hydrolystis of both fusaria cell walls) was up to 747 higher than
those of R. solant and S. rolfsti. However, no differences in the
non-hydrolyzed residue of the tested fungal walls could be
detected after 24 h hydrolysis.

Similarly, no significant differences could be observed {n
the ash content among the Lyphal cell walls,

The 1infra-red spectra of the tested hyphal cell walls

showed a strong resemblance between cell walls of F. o. melonis

and F. o. yvasinfectum and those of R. solani and S. rolfstt. A

comparison with the IR speztra of chitin and laminarin, showed

" that the proportion between these *two polymers in cell wall of F,

|°

vasinfectum was different from that present in cell walls of

S. rolfsit (e.g. higher amount of chitin) (Flg. {). The main

differences in the absorbance could be observed at wavenumbers
ranging from {100 to 1670. This Part of the spectrum represents
the «chitin (Fig. {,A) and s characterized by a high
absorbance at wavenumbers: 1161.2, 1317, 1383, 1564 and 1666, The
infra-red absorbance spectrum of chitin was found to be very

similar to that of F. o. vasinfectum and F. o. melonis and

different from those of cell wall of F. o. melonis and R.

solani.



DISCUSSIOHN

This study 4is a first report of chemical analysis of F.
oxysporum cell walls and {in particular) of F. o. melonis and F.
0. vasinfectum. The results of this analysiz clearly polnt out
the higher chitin content present in fusaria cell walls, when
‘compared with tl;ose .of R.. solani or S. rolfsii. However, the
total neutral sugar content was lower 1in cell walls of both
fusaria. These resul.s correlate with the report of Baaran and
his co-workers ({975), whose work indicated that HN-acetyl-
glucosamine 1s the dominant monosaccharide present in hyphal cell
‘walls of F. sulphureum (39%). Similarly, Skujins et al. (1965)
‘showed an even nigher content of this sugar (47%) in cell hyphal
.',w.'alls of F. solan! f. sp. phaseoll, This fact may be of a great
'hﬁportance to mycoparasites which are vunable to produce hilgh

¥evels of rhitinase,

Data provided by the amino acid analyzer also revealed that
:.ilxe protein content of fusaria hyphal cell wall: was up to 194/
higher lth:m the hyphal walls of R. solani. In the past, a high
.brotein content was found in several other f{fusaria: 7.37 and 28%
- in hyphal and chlamydospore cell walls of F. sulphureum,
respectively (Baaran et al., 197% ; Schnelder et al, 1977).
‘Similarly, Lamborda et al. (1974) showed a very high protein
content (24/) in hyphal cell wails of F. culmorum. Apparently, a
Jilgh content of protein in fungal cell walls may prevent thelr
d¥sis Dby antagonistic soll microflora, This argument was also
ralsed by Schnelder et al. (1977}, who suggested a linltage

Jpetween the high content of protein in chlamydospore cell wall of

Ei_ sulphureum and thelr survival in soil as resting structures.
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Cell walls of F. oxysporum. are more resistant to acid
hydrolysis (2K HpS804). This may explain the relatively
high rr t(stance of F. oxysporum to 1ytic enzymes (Sivan and Chet,
unp'ubu .sed).  After hydrolysis of 5h, the non-hydrolyzed residue

content in cell walls of F. o. vasinfectum and F. o. melonis was

2517 and 328/, compared with B8.47 and 12.27 in cell walls of R
selani and §S. rolfsii, respectively. Presumably, there are
aifferent or additional bonds in and/or Dbetween the
polyssaccharides present in the cell walls of F.. oxysporum.
Indeed, Chu and Alexander (1970} argued that fusaria cell walls
contain hetercssaccharides- which contribute to their resistance
to lytic enzymes 1in solil.

The differences between the cell wall composition of F.

oxysporum and those of R. solani and S. rolfsii were also

exhibited by infra-red spectrophotometry, The spectral results
i:l‘urly show that the chitin and laminarini content in cell walls
of F. 0. vasinfectum and F. o. melonis comprised different
proportions {e.g. a higher chitin content} when compared with the
spectra of B_._' solani and 8. rolisti. These results confirm the
data obtained by the chemical analysis.

The untqueness of the high content of chLitin and protein of
.-usarlum hyophal cell walls: should be talken 1into consideration
when screening antagonlst:lc mycoparasites, Apparently, their
jytic activity should consist mainly of chitlnase and proteases

as well as glucanase,

¢
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Table {. Chemical composition of hyphal cell walls of F. oxysporum f.

sp.vasinfectum, F. oxysporum £, sp. Melonis, R. solani and

S. rolfsii,

Cell wall F. oxysporum . oxysporum

component f. sp.vasinfectum f. sp.melonis R. solani S. rolfsii

Neutral

Sugars 19.5 ) 37.9 57.0 58.6

Hexosanmines 29.0 16.5 6.1 5.4
(1)

Protein 3.5 5.6 1.9 2.6

Lypids : 3.8 4.2 2.2 7.5

Ash 1.2 1.4 1.1 1.1

(2)

Non-hydrceiyzed 3.8 25.1 8.4 12.2

Residuea

Total 89.8 90.7 76.7 87.2

(1) Calculated from the amino acid composition obtained from the amino acid
analyzer.

(2) 2N HpSO4 at 105 C, for 5h.
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Table 2. Amino acid composition of hyphal cell walls of F. oxysporum

f.sp. melonis, R. solang and S. rolfsii.

F. oxysporum f. sp. F. orxrysporum f. sp.

f. sp. vasinfectum, F. oxysporum

|5

vasinfectum melonis R.solant S.rolfsii
Amtno actd . Conc.  Amine acid conc. Amino acia Conc. . Amino acta  come.
Asparuc acia  2.a1 Aspartic acide | 0.65 Aspartic acia | z.52 Aspartic acid  2.96
Threonine 3.18 Serin 0.8 Threonine 1.19 Threontine 1.5
Serine 1.52 Glutamic acid 0.75 Serine 1.21 Serine 1.64
Glutamic acid 3.5z Froline 0.96 Glutamic acid 0.25 Glutamic acid 3.3
Proline 2.74 Alarine 0.69 Glycine 0.11¢ Proline 1.34
Glyc.ln; . 1.14 0.5 Cistine 1.46 Alanine 1.88 Glycine 1.34.,
0.5 Cistine - 0.27 Valine 1.87 Valine 2.39 Alanine 1.78
Valine 3.17 Hethionine 1.06' Hethionine 0.77 Valine 2.62
Methion‘ne 0.77 Leucine 0.66 Leucine 1.07 Hzthionine 0.325
Leucine 1.32 Tyrosine 0.48 Tyrosine 0.73 Leucine 2.5
Tyrosine 1.18 Phenyl-alanine 0.73 Phenyl-alanine 1.25 Tyrosine 1.1
Faenyl- alanine c.8 Hystidine e3.2 Hystidine 3.58 Phenyl-alanine 1.35
Hystidine 29.6 Lysine 0.74 Hystidine 1.16
Lysine 0.5 Arginine 1.15 Lysine 1.14
Arginine 1.16 Arginine 1.95
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LEGEND TO FIGURE
Fig. 1. Infra-red absorption spectra of chitin (A) and laminarin
(B), as compared with hyphal cell walls of F. oxysporum

f. sp.vasinfectum (C) and S, rolfsii (D).
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ABUTRACT

Elad, Y., and Chet, I, 1987. Possible role of competition for nutrients in biocontrol of Pythium damping-off by bacieria. Phytopathology 77:190-195.

Of the 130 bacteria isolated [rom the rhizospheres of plants infested with
Prthium spp., six were found 10 be efficient biocontrol agents of this
pathogen under greenhouse conditions. No lytic enzymes were involved in
in vitro interactions between the bacteria and P. aphanidermanum.
Substances inhibiting growth of the fungus were produced by both the
biocontrol agentsand other rhizobacteria. On the other hand, competition
for nutricnts between germinating ouspores of . aphanidermatum and
bacicria, which was unique to the biocontrol agents, significantly
corrclated with suppression of disease in the greenhouse. QOospore
germinationin rhizospheres of wheat, tomato, cucumber, melon, bean, and
cotlon plants was decreased in the presence of these bacteria. Broadeast

application or seed coating with these bacteria reduced disease incidence in
cucumbers planted in peat-vermiculite mixture or in soil by 60-75,
compared with the untreated control. Damping-off caused by P. ultintum
in cucumbers was reduced by up to 945, Combining low levels of
Fseudomonas putida or P. cepacia with the fungicide prothiocarb resulted
in an additive effect. Bacteria applied to cutumber seeds became
established along the roots. Papulations were 100-fold higher at root tips
than at their upper parts. On the other hand, except for the root tips, the
total population of bacteria was decreased in the presence of the beneficial
ones. Disease ¢t ntrol was achieved in bean, pepper, melon, tomato, and
cotton plants as well,

Rhizobacteria, by their interactions with various pathogens,
play a major role in the biological equilibrium among
microorganisms in the rhizosphere (1,23). Pyr/iium spp. have a
broad bost range and cause preemergence and posicmergence
dzmping-olf and root rots followed by considerable yield losses in
many important crops.

Biological control of this pathogen with bacteria is not well
established. Mitchell and Hurvitz (15) protected tomato seedlings
against damping-off caused by . debarvanum Hesse with a Iytic
strain of Arthrobacier, and Hadar et al (7) protected germinating
cucumber seeds with Enterobacter cloacae (Joraan) Harm &
Edwar from rots caused by Pythium spp. Howell and Stipanovic
(9} isolated a strain of Pseudomonas Sluvrescens Migala that
produccs an antibiotic inhibiting growth of Pythiwm ulinium
Trow on sceds.

Rhizobacteria have been the subject of several reposts
(11,12,16). It was suggested that the antibiotics or siderophores
produced by these bacteria displace deleterious microorganisins,
presumably minor pathogeas (11,12). In such a case, competition
with the native microfiora sheuld also be considered. ‘The
objectives of the present work were Lo isolate potential antagonistic
rhizobacteria, apply them against Pythium damping-off, and
investigate their antagonistic mechanism.

MATERIALS AND METHODS

Isolation and charactesization of bacteria. Onc hundred thirty
bacteria were isolated from roots of bear. cotton, radish,
cucumber, and melon plants grown in soils infesied with Pythium
spp. or in peat-vermiculite prowth media (PVM). isolations were
made on nutrient agar (NA) (Becton-Dicxinson Corp.,
Cockeysville, MO) or King's medium B (KB) (10). Bacteria were
identified by the Anasytical Profile Index (API) system (La Balme
The pubhicaliun costs of 1hus aricie were defrayed in part by puge chargs paymant. This

atlicle must therelore be hereby marked “advertisement” in accordance with 18 U S C )
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les Grottes 38390, Montalieu, Vercieu, France). Identification was
verified by Bergey’s Manual of Determinanive Bacieriology. The
following strains were used: Pseudomonas putida (Trev.) Migula
(805 and 310), P. cepacia Burk (808, 814, and Y1), Alcaligens
Cast. & Chal. sp. (Rh2), and Psendomonas (Migula) Doud & Pall,
sp. (AA4, 553, and BO6). Cultures were maintained on NA for daily
use. Purc cultures were grown on NA for 24 hr, wasned from the
agar surface with 10% skimmed milk, and freeze-dried.

Deunsity of bacterial populations. Strains of the biocontrol
agents resistant to rifampicin [ 3-(4-methylpiperazinyl-minomerhyl)
rifamycin 5v)and nalidixicacid (Sipma) were sclected from parent
cultures by planting cell suspensions on NA containing 150 pg/ml
rifampicin [3-(4-methylpipcrazinyl-iminomethy!) rifamycin] and
nalidixicacid and incubating them for 48 hrat 30 C. The antibiotic-
resistant strains were similar to their parent cultures.

Antagonistic propertics of selected bacteria. The cell wall-
degrading enzymes—Exo-1,3-B-n-glucosidase (8-1,3-glucanase,
EC 3.2.1.58); Exo-1,4-8-p-glucosidase (Cellulase, EC 3.2.1.74);
and f3-N-acetyl-p-glucosamin dase (Chitinase, EC 3.2.1.30) —were
assayed for filtrates of bacteria grown on cither laminarin (Sigma),
chitin (Sigma), or cell walls or mycelium of Pyrhium
aphanidermanem (Edson) Fitip. as a so' carbon source. All
enzymatic tests and preparation of fungal cell walls or mycelium
were carried out azcording to previous publications (4.5).

For production of inhibitory substances, bacteria were grown
for 40 hr in a potato-dextrose and nutrient broth (cach 15 e/l)
medium (PINB). Bacterial cells were separated from the medium
by centrifugation at 3,000 g, then the supernatant was sicved
througha 0.45-pm pore size filter (Millipore Corp., Bedford, MA).
The cellfree mediun,, diluted witha fresh, double concentration of
PDNB, was sceded with a mycclial disk taken from a 48-hr-old
culture of P aphanidermaium. After 48 hr of incubation at 78 C,
the mycelium was dried for 4 daysat 60 C and weighed. Presence of
antibiotics was also tested in solid NA.,

Mats of mycelium removed from cultures of 2. aphanidermatum
grown for 48 hr in petri plates containing liquid PDNB were
transferred into a fresh medium to check their growth in the
presence of bacteria. Dry weight gained by the fungus during the

t
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intrraction period was measured 48 hr later and compared with the
average dry weight of the fungus before incubation with the
bacteria.

Enrichment of soil with oospores. One hundred milliliters of
carrot medium, in Roux bottles (18), was seeded with mycelial
disks taken from the margin of a 48-hr culture of P,
aphanidermatum and incubaled for 2 mo at 30 C. Mycelial mats
containing oospores were placed on four layers of cheesecloth,
washed with running distilled water for 5 min, suspended in tap
water, and homogenized in a Waring Blendor for 5 min. Qospores
were separated on a 40-pm-mesh Nitex nylon screen (Tetko Ine.,
Elmslord, NY), resuspended in 100 ml of water, and added to | kg
of air-dried, well-mixed loamy sand soil (pH 7.6) whose
characteristics have been described previously (6). The soil rvas
placed in plastic bags, incubated for 2 wk at 30 C,sicved througha
2-mm-mesh screen, and stured at 4 C until needed. This soil
contained an average of 4.5 X 10° colony-forming units (cfu) of P.
aphanidermatum per gram, as det=rmincd on a selective medium
according to Schmitthenner (22). Microscopic observations
revealed that colonics originated predaminantly from oospores.

Oospore germination tests in soil. Bacterial strains that were
grown on NA plates for 24 hr were collected, washed twice, and
resuspended in distilled water to the desired concentration.
Oospore-cnriched soil samples (5 ¢ cach) were placed ina 10-ml
test tube. Aliquots (0.} ml) of glucose and asparagine solutions (to
induce germination [19)) and bacterial suspensions were added to
givethedesired concentrations at 15%5dry weight (—0.3 bar) water
content. Soi! was mixed thoroughly and incubated at 30 C for 24
hr. Three 0.5-g subsamples of cach treatment were transferred to
test tubes for processing, staining with Calcofluor New M2R
(American Cyanamide Company, Bound Brook NJ) (20), and
viewing at X {60 undera UV light microscope for fluorescence. One
hundred oosjores were counted for cach of the three replicates per
treatment.

Oospore germination in the rhizosphere was tested using the
method developed by Elad and Baker (3). Qospore-curiched soil
was mixed with bacteria and placed between two glass slides along
with roots of pregerminated plants. Test plants were cucumber
(Cucumis sativus L. ‘Shimshon®), tomato (Lycopersicon
esculentum L. *Marmand Rehovot'), pepper (Capsicunt annuum
L. ‘Maor’), melon (Cucumis melo L. *Galia®), bean (Phascolus
vulgaris L, Brittlewax'}, wheat ( Triticum aestivim L., *‘Scout’), and
cotton (Gossypium herbaceum L. *Pima U. SJ27). Root exudates
induced germination of oospores. Rhizosphere coil was scparated
from the roots after 48 hr of incubation, and oospore germination
was assessed according to the procedure mentioned earlier.

Infestation of greenhouse growth media. P. aphanidermaium or

- P.ultinnam were isolated from discased cucumber scedlings on e
selective medium for Pyehium spp. (22) and identificd according to
Middleton (14) and Waterhouse (25). Growth medium contained
75% Canadian peat and 25% vermiculite no, 2. OQospores of P.
aphanidermatum were added 1o PVM, alter adjusting their
concentration with a hemacytometer, by diluting the suspension
with water to the desired level. The pH of PYM was 6.0,

In most experiments with both Prthium spp.. infested peat was
used as inocutum. Three or four repeated  plantings with
cucumbers, when 90-100¢5 of the plants had died from damping-
off, were used to increase ineculum. Inoculum was suspended in
500 ml of water to aliow cemplete mix with the growth medium
The population of Pyihium, as counted on Schmitthenner's
selective medium (22), ranged from 5 X 10" 10 5 X 10° clufgoldried
infested medium,

Bacteria were applied either as water suspensions mixed with the
total zrowth medium or by dipping sceds into a suspension of the
candidate strain, drying at room temperature, and planting in the
greenhouse,

Polypropylenc boxes (/ X 19 X 14 cm) were filled with the
infested media, planted with 10 seeds cach, irrigated once a day,
and the number of discascd seedlings recorded. All experiments
were conducted under greenhouse conditions at 2832 C and
consisted of six replicates. Experiments were repeated at least
twice. Severity of discasc syn.ptoms in cotton was calculated

according o an index ranging fiom 0 for healthy, symptomless
plantsto dfor plants covered with Pythium lesions over more than
80% of their hypocotyl. Preemergence damping-off, which
occurred in cach treatment, was calculated by deducting the rate of
emerged plants in the pots of this treatment from the average
emergence in the medium free of Pythium. :

The fungicide prothiocarb (Previcur 5055} was mixed with PVM
alone or combined with bacterial suspensions to control disease
caused by P. aphanidermatum in cucumbers.

Population dynamics along eucumber roots were tested by the
rhizosphere competence technique of Scher et al (21} as modified
by Ahmed and Baker (personal communicaiion). Two
longitudinal halves of a 50-m) conical polypropylene tube (Falcon
Div., Becton-Dickinson, Oxnard, CA) were filled with wet sandy
loam soil (155, ~0.3 bar), and onc seed coated with bacteria was
placed between both parts, 1 em from the top. The two parts were
scaled with two rubber bands and incubated in a polyethvlene
plastic bag for 5 days at 30 C under artificial light without
additional watering. At the end of the incubation period, the tube
halves were separated and the plant eently removed 1o assess the
rhizosphere population as mentioned earlier.

Counts of bacteria from soil or peat were carried out by plating
theappropiiate dilutions, using the drop plate method (17), on NA
or KB medium. Results were expressed as colony-forming units
per gram. Rhizosphere populations were assessed by separating
the soil adhering to the specific root segments (20 mrun cach), in
water, by shaking them in a rotary shaker for 30 min at 100 pm.
Average dry weight of rhizosphere soil was caleulated by
measuring the weight of 20 samples of root segment that could be
separated according to the distance from the base of the stem.

RESULTS

Isolation of potentiaily antagonistic bacteria. Bacteria were
isolated from roots of bean, cotton, radish, cucumber. and melon
plants. Selected plants were uprooted (rom suils naturally infested
with P aphanidermaium. Of the 130 bacterial isolates tested for
their ability to suppress damping-off in cucumbers, the six that
were superior in reducing disease incidence by 17-67¢ (Fig. 1)
were sclected for further experiments. Thesc strains are
Pseudomonas putida (805 and 310), P. cepacia (808,814, and Y1),
and Alcaligens sp. (Rh2).

Antagonistic activity of bacteria in culture. Lyticenzymes. None
of the strains produced #-1,3-plucanase, chitinase, or cellulase
when grown on laminarin, chitin, celtulose, or cell walls of 2.
aphanidermarur-. Similarly, when placed in a liquid medium
containing a mycelial mat of P. aphanidermatum as a sole carbon
source, none of the bacteria degraded the mycelium,

Inhibitory substances. Bacteria were scparated from the PDNB
medium in which they were grown after 40 hr. The cellfree metia,
mixed with a double concentration of PDNB, were seeded with P.
aphanidermatum and incubated for 48 hr for dry weipht
detzrmination. Dry weight of mycelium grown in unamended
control medium was 84.4 mg per plate. Bacterial isolates 805, 808,
Rh2, and 310 inhibited growth of 7, aphanidermanun by 87.9,
85.4,49.8, and 39.0¢¢, respectively, whereas isolates AA4, 806, and
SS83, which did not control Pvt/num. reduced it by 76.5, 89.6, and
7049 respectively, compared with the control (dry weight 84,4 mp
per plate) grown in unamended medium. Growth of P,
aphanidermatum was inhibited by anly 5.7C whea grown in a
medium that previously supported growth of the same fungus. No
significant inhibition of growth of myceliuin was observed on solid
medium seeded with the test bacteria,

Comperition. Competitive ability of both the bacteria and
mycelium of Pythium was tested in dual cultures, P
aphanidermanun was grown in liquid PDNB for 48 hr and
transferred into fresh medium along with different bacterial
isolates. Strains RS, 808, Y11, Rh2, 310, and 814 inhibited fungal
prowth by 50,45, 60, 98, 14, and 625, respectively, compared with
the control culture (dry weight 63.5 mg per plate) grown in
bacteria-fice medium. However, other bacteria, when grown
together in liquid culture, also inhibited growth of P
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aphanidermatum.

~ nhibition of oospore germination by bacteria, Bacteria were
introduced into raw soil enriched with oospores of P

_aphanidermaium, and glucose and asparagine were added.
Qospore germination, detzrmined after 24 hr of incubation, was
inhibited by up to 57 by the biocontrol ageats (2 X 10" ~fu/g of
soil) compared with only 13-20G; inhibition by bacteria not
effective in discase control under greenhouse conditions (Fig. 2).
Similarly, when ths initial population level of the bacteria was
reduced 10 2 X 10" cfu/g of soil, germinability of oospores was
inhibited by 20-50%.

A significant correlaticn at P=0.05 or 0.01 was found between
the ability of the various bacteria (applied by broadcast or seed
coating) to reduce Pythium damping-off in cucumbers grown
under greenhouse conditions and their ability to inhibit «. ospore
germinationin soil enriched with 150 or 250 ug/ g glucose or PY M.

TABLE 1. Influence of bacteria of germination of oospores of Pythium
aphanidermatum 1t rospheres of vanous crops’

Qospore germination (%)

Bacterial

isolate Wheat Tomato wielon Cucumber Bean  Cotton  Av.
805 7a° 0a 8a 182 2la 15a 13
508 ilb Ita 12a 19a 19 a 120 17
AAd 41 ¢ Asb 41 b 46 b 57h 27 b 41

Untreated

control 64d 37b 46 b 57hb 65b b 51

'Sceds of various crops were germinated in moist bags and placed on soil
enriched with oospores, between two glass shides. Germination was
calculated, aficr 3 days of incubation, by the Calcolluor staining method
(200,

'Numbersineach column followed by the same letters are not significantly
different according to Duncan’s muliple range test (£ = 0.05).

\ I I

HEALTHY CUCUMBER PLANTS (°L)

l | l |
7 8 9 10
DAYS AFTER PLANTING

Fig. 1. Influence of bactcrial suspensions on the percentage of healthy
cucumber plants planted in peat-sermiculite medium infested with
Prthium aphamdermaqum. Treatments were control (0) and bacterial
isolales BOS (A), 808 (A), M0 (V). Rh2(®), Y11 (W), and 814 (O). Bar =
LSDug. © °
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To dctermine whether the bacteria produce inhibitory
substances affecting oospore germination, cellfree supernatants of
24-hr-old cultures of the different bacteria were added fo the
oospore-enriched soil. No sigaificant reduction in oospore
germinability was observed unless bacterial cells were present in
the soil. .

Germination of oospores in rhizospheres of wheat, tomato,
melon, cucumber, bean, or cotton in the presence of bacteria was
compared with their germination in the untreated control (Table
1). Average inhibitions of germination inall planccrops by isolates
B0S and BOB were 72.3 and 66.4C5, whercas isolate AAd, which is
not capable of controlling Pythium in the greenhouse, inhibited
germination by only 5-360;.

Biological control of damping-off in cucumbers. Effecis of
bacierial concentrations. Bacteria were suspended in water and
mixed with PVM to give two initial population levels of 10" and 10*
clfufem’. Isolates 805 and 808 were the most effective in control of
Pyihivm when apolied in concentrations of 10* cfufem’ (Table 2).
Relatively high percentages of healthy cucumber plants (up to 6205
reduction of discase) were obtasned when bacteria were applied in
concentrations of 10" cfujcm’. Cells of bacterial isolates 805 and
BO8 were suspended in three low concentrations to give linal counts
of 4% 107, 8% 10°,and 2X 10" clu/em' of PV'M. The concentration
of cells of isolate 808 influenced the efficacy of discase control,
whereas dillcrences between concentrations of applied isolate 805
were not reflected in marked differences in diseas: control (Fig. ?).
PPreemergence damping-off in untreated control was 71.60p,
whercas it was reduced 1o 21.1-26.3 and 2.1-10.5C; by treatments
with isolates 808 and 805, respectively.
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Fig. 2. Effccis of suspensions of hacterial hiocontrol agents 805 (A ), ROR
(A), 814(0), Rh2(®),and Y1 (W) and otherisolates, AAS(Y)and SS1(y)
on the pereentage of 1eduction of oospare germination in soif amended
with glucose and asparagine (5:1). Bar = LS Dyus, Reduction was calculated
according to the following formula: [1 = (4/M] X 100, whete 8 =
percentage of germination in the control without hacteria und A =
percentage of germination in bacterial treatments.
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Effects of bacterial seed coating and iniegrated control,
Cucumber seeds were dipped in bacierial suspensions (8 x 10°
cfu/mi) and planted in PVM. Damping-ofl caused by P
aphanidermatum was recorded during 12 days alter sowing. The
most elficient isclates were 805, 808, and Rh2, which reduced
disease incidence by 57-67%, compared with isolates 814 and 310,
which reduced discase incidence by 38-4264 (Fig. 4). Preemergence
damping-off, 27.5% in the unticated control, was reduced to
0-12.5¢5 by the different bacterial isclates.

Bacterial isola‘es, at the low rate of 3 X 10° cfu/em’ of PVM,
were combined with prothiocarb at the rate of 0.25 mi/ L of PVM.
Incidence of dawping-off caused by P. aphanidermatum in the
untreated control was 89¢%. Isolatzs 805 and 808, alone, decreased
Pythium damping-off by only 9-159%, because the bacterial level
was low. A significant decrease in discase incidence, 3405, was
cbtained by the chemical treatment. Combination of prothiocarb
with strain 805 resulted in 467 discase reduction; however,
combination of proihiocarb with strain 808 was significantly
superior, yielding an 80C reduction i: discase incidence.

Effects of bacieria on disease buildup during successive
replamiing. Cucumber seeds were planted five times at 10-day
tntervals in PYM mixcd with suspensions of isolates BUS or 808,
and the pereentages of healthy plants were recorded at the end of
cach growth cvcle. In the untreated control, disease incidence of
Pyihium, which was 930 at the end of the first cycle, stabilized at
506 between the third and fifth growth cycles. Discase incidence in
bacteria-treated media was 12-45¢; during the five successive
plantings and was 12 and 27% at the cnd of the fifth cycle in
treatments of strains 808 and 805, respectively.

Control of damping-off caused by P. ultimum in cucumbers.
Control of P. ultimum in cucumbers was tested in PVM amendced
with each of the bacterial isolates. Discase incidence was
drastically reduced by all isolates in the first growth cycle (Fig. 5).

TABLE 2. Influcnce of bacterial concentration” in peat-sermiculite
medium on ability of strains to control Pythium aphamdermaium in
cucumber

Emergence (C¢) 7 days
after planting

Healthy plants (C3) 11 days
after planting

Hacterial

isolate 10" cfusem' 10" clujcm’ 10" clujem' 10" clusem’
Rh2 18a’ 42 b 12a 270
805 60 be 83d 48 ¢ 0d
Yil 37ab 48 b 18 ¢ 37 be
808 77cd Ne 60 d 68 d

BI4 37 ab 51b 10 a 320
310 42 b 53hb 19 ab 41 be

'Suspensions of 24-hr-old bactenia were mixed with artificially infested peat-
vermiculite comainer medium to give 10" or 10" clu/em’,

'Numbers in each paramcicr followed by the sume lctters are not
significantly diflerent according to Duncan’s multiple range test
(P=0.05).
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Fig. }. Eflects of isolates A, 805 and B, BOB applied at concentrations of
2X 10" (=+~), 8 X 10" (-=). and 4 X 10" {~——) clufem' {0 = untreated
control) on percentage of healthy cucumber plants planted in peat-
vermiculite inlested with Pvthuum aphanidermaium. Bars = LSDyoy

However, after 2 wk of the second growth cycle, there were 7, 18,
51,42,4, 71, and 176 healthy plant; in the untreated control and
treatments with isolates 808, 805, 310, 814, Rh2, and YII,
respectively.

Biological contro! of Pythium damping-off in pepper, melon,
bean, tomato, and cotton. Isolates 805 and 808 were mixed with
PV M, and their influence an discase causcd by Pythim in several
crops was examined in the greenhouse. Both isolates redticed
discase incidence in melors, tamatoes, peppers, and beans (Fig. 6).
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Fig. 4. Inlluence of sccd coating with bacterial isolates 805 (A ). BUB (A),
Rh2 (o), Y1} (B}, MO (9). and 814 () (0 = untreated control) on the
percentage of healthy cucumber scedlings planted in peat-vermiculite
medium infested with Pyt/uum aphanidermaium. Bars = LSDyos.
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Fip. 5. Stand of cucumber plants in peat-vermiculite medium infested with
Pyihiton o and ticated with isolates BUS (&, 808 (A), Rh2{e), Y1)
(), 310 (v). B13 (DD, or untrecated (0).
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Disease indexesin cotton, calculated according Lo rool coverage by
Pythium lesions, were 2.17, 0.83, and 1.0, respectively, in the
untreated controland in treatments withisolates 805 and 808. The
respective percentages of disease incidence were 92, 50, and 62.
Disease incidence was decreased by 19-53%5 when pepper, bean,
and tomato plants were replanted in the original growth mixture.

Compelitive root colonization by antibiotic-resistant biocontrol
spgents: general populations of bacteria and Pythium. Isolates 805
and B0B were selected for resistance to rifampicin and nalidixie
acid. Both decreased disease incidence caused by Pythium in
cucumbers by 507z when applied to soil. Efficient recovery of the
resistant bacteria was obtained on medium suppleinented with
both antibiotics at a rate of 150 pg/ml.

Cucumoer seeds were coated with suspensions of isolates 805,
808, 814, Y11, or Rh2. Two longitudinal halves of plastic tubes
were filled with suainfested with Pyrliiunt and sealed together with
one coated seed ineach tube. The rools, exposed alter S days, were
cut into segments 0—1, 2-3, 4-5, and 6-7 cm from the stem base,
General pupulations along the untreated roots ranged between 2.0
X 10° and 2.2 X 10* ¢fu/g of soil in the scgments 0~1 and 6-7 em
(Fig. 7). Application of isolates 814, Y11, and Rh2 to the seeds
decreased the general bacterial populations to 4.0 X 10'-2.3 % 10°
cfu/g of soil in segments 01 and 4-5 cm, whercas isolates 805 and
808 decreased bacterial numbers to 10° cfu/gin segments 2-3 and
4-5 cm. However, the general populations at the tips of treated
roots did not differ from those of the untreated ones.

The specific populations of bacteria applied to seeds before
incubation were 2.2 X 10'-2.0 X {0° cfu/g of rhizosphere soil (Fig.
7). Except for isolate Y11, bacterial counts at root tips were up to
100 times higher than at the upper root parts. There was a positive
correlation between the levels of general population and those of
the biocontrol agents in all root segments except the lips.
Colonization of cucumber roots by P. aphanidermaium was
reduced by 50-100% in the presence of the biocontrol agents.
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Fip. 6. I’creentage of bealthy plants in peat-vermiculite medium infested

with Pythium aphanidermaium and treated with isolates 505 (A) or 808(8)

or untreated (0).
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DISCUSSION

A major objective of this study was to isolate polential bacteria
and characterize their activity in controlling Pythiuni spp. The
ability of six bacteria applied to PVM or soil to reduce the
incidence of damping-off in the greenhouse was tested. About
€1-90S% of discase reduction was obtained under growth
conditions prevailing in our experiments. Although cucumber was
the major test plant throughout this work, discase control wasalso
obtained in other crops susceptibie to P. aphanidermatum, c.g.,
pepper, melon, bean, tomato, and cotton {Fig. 6). The bacteria
were also most cffective in controlling £. witimum (Fig. 6). Onc
application of the biocontrol agents was sufficient to prevent
diszase buildup in replanted cucumbers. The additive control
achieved by combining bacterial application, at a low rate to
achieve discase control, with the fungicide prothiocarb {commonly
used against Pythitm) reduvced discase incidence 8053,

Our results indicate that the presence of bacteria aloeng roots of
susceptible hosts reduced the establishment of Pythium along the
roots, which are the potential sites for its attack.

Damping-off, induced by Pythium spp., has been controlled by
coating sceds with a variety of antagonistic microorganisms
(7-9,13.24). In this work, seed coating was as effective as direct
application of bacteria into the soil (Fig. 4). Seed treatmentsarcan
attractive meihod for introducing bacteria to the soil-plant
environment, because in this way, the hacteria have an opportunity
of being the first colonizers of the roots. It was evident that
bacteria, introduced as seed treatments, moved along the roots.
Weller (26) showed the distribution of Pseudomonas fluorescens
introduced via seeds on scmiral roots of winter wheat, Similarly,
we have counted higher populations at root tips. Moreaver, the
lower counts of indigcnous bacteria obtained in wheat (26) and
cucumber (Fig. 7) inthe presence of the introduced strains indicate
the obvious competition between them. Populations of the
indigenous bacteria generally were greatest where populations of
the biocontrol agents were great (Fig. 7), probably because both

LOG CFU/q SO0

11 11111[
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6 0 2
ROOT SEGMENT (cm)
Fig. 7. Densities of A, general bacteria and B, biocontro! agenis in the
rhizosphere of 6-day-old cucumber plants. Isolates KUS (A), KOX (&), Rh2
(), YIi (B), and K14 {0) (0 = untreated control) were applicd to seeds
planted between two longitudinal halves of plastic tubes filled with soil. Bar
= LSDuus. -




were stimulated by the same factor—rhizosphere nutrients. Intense
competition for resources such as nutrients among rhizosphere
bacteria is very probable, Seed coating places the bacteria where
they are needed the mosi, at the most important site of interaction
withthe plant-rotting Pythiwm spp. The ability of a bacterial strain
to colonize or establisb a large population in the rhizosphere s a
crucial factor that determines the importance of rhizobacteria as
root associates.

Significant positive correlation was observed between inhibition
of oospore germination and disease reduction induced by the same
bacteria. Morcaver, inhibition of germination of oospores in the
rhizospheres of several plants was achicved by the biocontrol
agents. On the other hand, there was no direct observable
interaction between sporesand bacteria. Siderophores may also be
excluded as a possible mechanism lor control of Pythium, because
the pli of the PVM was calibrated to 6.0. In this case, iron is
available in high concentration. This may not be tne casc in
Pythium-infested soil where pH is about 7.6, as was shown in the
interaction of Fusarium oxysporum and Pseudomonas sp. (3).

QOospore germination has already been shown to be affected by
exogenous nutrients (9). Nutrients supplied by root exudates
stimulate oospore germination in the chizosphere. It tnereflore
appears that bacteria may compete with germinating oospores for
available carbon or nitrogen sources, and by climinating these
resources, the bacteria reduce the percentage of oospore
germination. Similar results were obtained recently with
chlamnydospores of Fusarium spp. (3). Morcover, the reduction in
the peneral population of bacteria along the roots caused by the
biocontrol agents is probably due to competition (Fig. 7).
Although lysis was sugpested as a mechanism in the control of
Pythium sp. (15) when celt wall lytie bacteria are added to soil, such
heterolytic activity was not confirmed in vitro in our studies.
Production of inhibitory substances may be a potential means by
which the bacteria affect the plant nathogen. Pythium is indeed
known to be sensitive 1o such inhibitory effects. However, our in
vitro experiments have shown that bacteria, unable to induce
suppressiveness in soil, cffectively inhibited mycelium of the
pathogen. This may suggest that inhibitory substances or
antibiotics do not play a major role in our systems.

Broadbent et al (2) added Buacillus subtilis (Fren.) Cohn to soil
treated by acrated steam. P. ultimum was controlled on
Antirrhinum, possibly by decreasing infcction rather than by
antibiosis. Hadar et al (7) protected seedlings from discase caused
by Pythium by application of Enterobacter cloacae. Howell and
Siipanovic (9) concluded that a strain of Pseudomonas fluorescens
wzs antagonistic to P. uftimum because of the production of an
antibiotic (pyoluteorin) by the bacterium,

Our results demonstrate the potential of bacteria to control
Pythium. Further rescarchis needed to develop the formulation of
bacterial biocontrol agents and exploit thent in agriculture.
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16) Sivan, A., and Chet, I. 1987, The possible role of competition

1i| between Trichoderma harzianum and Fusariumn oxysporum on

J
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t| rthizosphere colonization, Phytopathology

1
Soll was enriched with chlamydospores of Fusarium OXysporum

au

f. sp. vasinfectum and F. oxysporum £, sp. melonls, and amended
with increasing concentrations of glucose and asparagine. Maximal
gemmination of chlamydospores was obtained in soil amended with
0.4 and 0.08 mg glucose and asparagine per g soil, respectively.
Mddition of conidia of the biccontrol agent T. harzianum (T-35)

significantly (P=0.05) reduced the chlamydospore germination rate

U
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of bodh: Fusaria. However, in soils amended with higher
concentrations (0.3 and 0.06 mg/g soll) of glucose and

asparagine, respectively, the 1inhibition was nullified.

(hlamydospore germination of F. 0. melonis and of F. Q.

vasinfectun in melon amd cotton rhizospliere soll were
significantly inhibited after soll or seed application with T-35.
As in the case of the glucose and asparagine, addition of an
excess of seedling exudate increased the germination rate and

eliminated the inhibition. Moreover, a oontinuoué application of

germinating ootton seed exudate to a soil infested with F. O.

vasinfectum planted with ootton and treated with T-35,

‘|significantly reduced the disease control capability of the

antagonist.

A seed treatment with T-35, in a constantly humid soil,

lresulted in high population densities of the antagonist on the
ildeveloping rhizosphiere. Plants grown from seeds treated with T-

135 had roots with lower levels of Fusarium spp. in their

rhizospliere than roots from plants from non-treated seeds. 1he

‘lgreatest density and the largest reduction in Fusarium levels

were detected on the lower 4 an of the roots. Hunbers of

Fusarium 1in the rhizosphere were reversely proportional to the

“jnumber of conidia of T-35 applied to soil. On the other hand as

the concentration of the pathogen in soll increased, T-35 counts
on root usegments decreased. Trichodenma had a little effect on

the survival of Fusarium spp. in non-rhizosphere soil. Inhibition
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of germinat.h;n nay-tjlr-a}éfo;e have resuli:.éd fron canpetition.

Plant roots growing in solls are a major source of carbon
and energy to microorganisms in the form of root exudates.
Cells detached ftan old rarts of the root, or the root itself,
after plant death (7). Barber and Martin, (3) estimated that 3-9%
of assimilated carbon by wheat and barley 13 exuded by root by-
products.  Whipps and Lynch {25), in a similar experiment showed
that the total carbon released from cereals was 25-30% of the
total fixed carbon,

Canpetition for nutrients, primarily carbon and nitrogen,
may result in biological control of soil-borne plant paihogens.
In many cases where the amount of these nutrients became 1limiting
for the pathogen due to intensive microbial activity, the soil
becomes suppressive (7).

Cook  and Schroth (8) identified carbon and nitrpgen
conpournds required for cl:lamydospore germination of F. solani f.
sp. phaseoli. Similarly, Sneh ek al (23) demonstrated the role
of glucose and asparagine in stimilating chlamydospore
genmination of F. oxysporum f. sp. lini. Recently, Elad and
Baker (9) and Elad and Chet (10) reported that carbon sources,
either provided by synthetic substances or excreted by plant
rhizospliere, might be involved in the chlamydospore and oospore

gennination of F. oxysporun and Pythiun aphanidermatum.

Proliferation along the developing rhizosphere is one of the most

important traits for antagonists applied to secds (7).
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However, most studies in this field have been shown by
2| antagonistic rhizobacteria {5,12,24) and there is relatively
little infommation involving fungi. Recently, Ordentlich, et al

{15), snowed the potential of chitinolytic Serratia marcescens in

'i| colonizing bean rhizospliere after its application to  soil
il surrounding the gemminating seed.
Chao et al (6) reported the unsuccessful establistuient of

8! Trichoderma harzianum in pea rhizosphere. 1The failure of

| Trichoderma to establish in rhizosphezre of pea and bean was also
JU| reported by Papavizas (16). Recently, AMunad and Baker (1)
11{demonstrated that a benomyl resistant strain of T. harzianum,
colonized the rhizosphere of several crops when applied to seeds.
13| Wild types failed to establish in the rhizosphere.

11 The objectives of the present study were to evaluate the role
14| of cunpetiti?n jtn the bioclogical control of Fusarium wilt of

li|lmelon and cotton and Fusarium crown rot of tomatoe by T.

—

i|harzianum strain T-35 (20,21 i. We investigated the potential of
I8l this strain to inhibit chlamydospore genmination in nutrient-
Jyjamended solls. We also examined the rhizosphere colonization of

#0{T-35 and its effect on rhizosphere populations of F. oxysporum.

MATERIALS AND MELTODS
Fungal isolates. F. oxysporum £. sp. melonis Snyd. and Hans, (F,
o. melonis), F. oxysporum f. sp. vasinfectum (Atk.) Snyd. and

Hans, ard F. oxysporum £. sp. radicis-lycopersici Jarvis and

Shoemaker were isolated fran infected plants on the  Fusarium

24
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selective medium Nash and Snyder (13). After isolation, thesé '
fungl were cultured at 27C on a yeast extract -glucose medium
(YM) containing 5 g yeast extract (Difco Laboratories, Detroit,
Michigan, USA) 5 g peptone (Difco) 10 g glucose, and 20g agar

(Difco) per liter. An isolate of T. harzianum obtained fran a

;| Fusarium-wilted ootton plant and designated T-35 (22), was

cultured on a potato dextrose agar (PDA, Difco) or in a liquid
synthetic medium (SM;16). Its isolation and properties have been
described elsewhere (20).

Greenhouse  experiments. Experiments were carried out in
artificially-infested sandy loam soil (pll 7.1) consisting of
82.3% sand, 2.3% silt, 15% clay, 0.3% organic matter, 0.02% N,
0.067% K, 0.0i% P, and 0.003% extractable Fe. Its moisture at
fleld capacity was 12.2.% (w/w). Soll was infested with F.
oxysporun with a microconidial suspension (20). Erlenmeyer flasks
(250 ml) each containing 50 ‘ml of liquid YM were seeded with
mycelial disks fran 72hr-old cultures of the pathogen. Flasks
were incubated at 27 C in a rotary shaker at 120 rpm for 4 days.
Microconidia were then separated fram the mycelium by filtration

through elight layers of cheesecloth. The conidia wer:2 washed
three times by centrifugation at 9157x g for 30 min.a 4 C. Ten
ml of this supension, adjusted to 2x1 07 microconidia per ml, were
mixed with sandy loam soil in an electrical soil mixer.

The test plants were: cotton (Gossypium barbardense L.

'pima') and melon (Cucunis melo L. '56').
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Experiments, ocmp;i;lng si-x replicates, were set up in plastic' R

pots (9 x4 x 10 an) each contalning 0.5 kg soll sown with 10
seeds of the test plant; seeds were not subjected to any clicinical
treatment. {. harzianum (T-35} was applied in one of the
following formulations: (a) conidial suspension -~ conidia were
collected fran cultures grown in Erlenmeyer flasks containing 20
ml of PDA. The suspension was washed three times in sterile tap
water by centrifugation (15,000xg) and ad)usted to 1x106
conidia/mi. (b) Seed coating - conidia were collected as
described above, adjusted to 5x109 conidia/ml and supplemented
with 0.015% (v/v) of Nu-film-17 (Miller Chemicals, Penn. USA) as
an adhesive. Four ml of this suspension were used to coat 20 g of
melon and cotton seeds or 10 g of tomato seeds. The number of
Trichoderma populations on seed surfaces were oounted by

shaking 5 g of seeds in 50 ml of sterile tap water, for 1 hr,

.| in 250 ml Erlenmeyer flasks in a rotary shaker at 200 rpm.

Serial dilrtions of the ‘! suspension were plated on a

| Trichodenna selective medium (TSM) (11). {c) Wheat-bran peat

u| preparation (22} - ¥heat bran/peat mixture (1:1, v/v} 10%

moisture was amended with 40 ml of tap water per 100 g mixture.
The mixture was then autoclaved in autoclavable polyethylene bags
(50 x 50 an) for 1 hr at 121 C on three successive days.
Hoamogenized myceliun from 48 hr-old cultures of T. harzianun

grovm 1in liquid &M, was transferred to the wheat bran-peat

.| mixture and incubated in an illuminated chamber for 14 days at

30 C. This preparation, containing 5x109 colony forming wits

(cfu)/g, was mixed with soil at a concentration of 5 g/kg soil.
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Soil—“enridmlent—with_cl uanrydogp;o;es—of “Fusarium was perfornned

according to Sneh et al (23), Mycelial mats of F. oxysporum £,

sp. melonis (F. o. melonig) and F. oxysporum f. sp. vasinfectun

{E. 0. vasinfectun) were grown in liquid YM, in 'Roux' bottles at
27 C. After 7 days, mycelial mats were separated, placed in four
layers of dieesecloth and washed under running distilled water
for 5 min, Twelve mats of each fungus were blended for 1 min and
centrifuged for 10 min at 3,000 x -, The pellet was resuspended
in 150 ml of water and added to 1 kg of soll. ‘e soil was
mixed, placed in glacs bottles and incubated at 27 C for 4 wk
then air-dried to 10% molsture, sieved through a 2 mm screen,
mixed well and stored at 4 C until use. The soil contained an

average of 5x104 cfu/g of F. oxysporum as determined after soil

dilutions on Fusarium selective medium,

| hlamydospore  gemmination tests in soll were carried out

according to S;leh et al (23). Samples of 1 g of chlamydospore-

enriched soll were placed in 10 ml test tubes. Aliquots (0.1 ml)
of glucose ard asparagine (5:1, w/w) were added to reach the
desired concentrations of nutrients at 15% water content. These
compounds were often used to induce germination of Fusarium spp.
chlamydospores (9,23). T-35 was added as a pre-germinated
conidial suspension {in water solution of 0.01% glucose)., Soil
was thoroughly mixed and incubated at 27 C for 22 hr. After the

incubation, the soll in each test tube. was stained with 1 m)

| aliquots of 0.3% Calcofluor New MR (American Cyanamid Camnpany,

wt
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MAter 5 min, the excess solution, was removed and replaced with
#[ 1 ml of distilled water. Soil was susperded and a drop of the
suspension talken for {luorescent observation under an
;| epifluorescent light microscope wder ultraviolet light {Olympus,
| Japan) at x 400. ‘1hree test tubes were replicated for each
q| treatment and 100 clllmnﬁosmres were counted at each
4| cbservation.

9 Chlamydospore germination in the rhizospliere was tested
jo| according to Sneh et al (23). Cotton and melon seeds were
13| disinfested for 3 min in 4% sodium hypochlorite and placed
ju| between four layers of wet No. 1 chromatography paper which were
13| vrapped 1in plastic bags and incubated at 30 C for 24 hr., The
g4| germinated seeds were then transferred to 5 g of chlamydospore
5 enriched soil, * some samples were also amended with T-35, and the
1| mixture wa.s placed between two microscope glass slides secured
j{with two rubber bands. ‘'The slides were slightly slanted in
ju| moist soil in plastic pots (9 x 9 x 10 an), wrapped in a plastic
1 bag and incubated at 27 C for the desired period. The slides
oy{ were then recovered from soil, the rubber bands and genninated
51| seedlings were carefully remcved and the soil adhering to roots,
o| transferred to a 10 ml test tube for microscopic observation, as
g4 | described above.

| In both chlamydospore germination tests (e.g. rhizosphere
o5 and non-r' :osphere soil), T-35 was also applied as a seed

26 coating, Three germinated seeds were replicated per treatment

o and 100 chlamydospores were counted at each chservation.

W ok

Bound Brook, NJ) solution according to Scher and Baker (19).
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: Producttm;rd—ccllectim_af _plant—mmda tes .

Cotton and melon seeds were disinfested with 4% sodium
hypochlorite for 10 min. The efficacy of disinfestation was
tested by placing samples of the treated seeds on PbhA or nutrient
agar (Difco) plates. Eight hurdred seeds of eadi crop, were
placed in a glass colum (80 x 7 an) containing 1 L of sterile
tap water. ‘The lower part of the column was connected to an air
canpressor and alr was forced inside through a sterile glass
fibre filter at a pressure which thoroughly agitated the
suspended geeds. At the upper part of the colum an air outlet
containing an additional glass fibre filter, was munted., The
colum with the germinating seeds was incubated at 27 C for 14
days. The resulting seed exudate mixture wasg then collected in a
sterile container, frozen at -30 C, lyophilized and kept at -30 C

| until use,

.| Rlzosphere cx.)lcnlzation testa, Rhizosphere population dynamics

of T. harzianum and Fusarium Spp. were studled according to the

method developed by Scher et al (19) as modified by Aumad and
Baker (1) and Elad and Chet (10). A sced of the test plant was
placed at the upper part of two longitudinal halves of 50 ml
polypropylene tubes measuring 11.5 x 2.8 an {Falcon Div. Becton-
Dickinson Co., Omnard, CA, USA) filled with sandy loam soil with
158 {w/w) moisture content. T-35 was applied to soil as a seed
coating or as a conidial suspension, while F. oxysporum was
Introduced to soil as a microconidial  suspension (103

g’
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microconidia/g soil). One seed of cotton, melon or tamato

(Lycopersicum esculentum L.) was placed on the half tube 1 o

below the rim. The unseeded half tube was carefully placed on the
first half and secured with rubber bands. Tubes of all
treatments were campletely randamized and placed in plastic pots
(9x9x10 an) contain'ng sandy loam soil with the same water
content. The pots were covered with polyethylene bags to malntain
the same soil water content and placed in an illuninated chamber,
at 28 C,

In an additional experiment, aimed at studying the
population dynamics of T-35 in the rhizosphere of irrigated

“! plants, the soil was daily irrigated with 3 ml of tap water.

After B days of incubation, tubes were removed fram the pots and
thelr two halves carefully separated. The roots with adhering
soil were _cut‘, starting from the crown into 2 o segments.
Corresponding segments from six plants were combined and shaken
in a rotary shaker for ; hr in 250 m} Erlenmeyer flasks each
containing 3C ml of sterilized tap water. Serial dilutions were
plated on TSM and Nash and Snyder medium for Trichoderma and
Fusarium spp. oounts, respectively. 1The counts of each fungus
were expressed as cfu/g root including the adhering soil (dry
welight).

Each oolony of Trichodernma was transferred fran TS to PDA
containing cycloheximide (100 mg/L) to distinguish between the
resident Trichoderma soll populations and fran T-35 which is very
resistant to this substance (Pe'er and Chet, unpublished).

10°
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All tests were performed at least twice. Statistics were
carried out using Duncan's Multiple Range Test with a

significance leve' of P=0.05.

RESULTS
Qilamydospore germination in soil amended with glucose amd
asparagine. Without the addition of nutrients to soil 19% to 30%
of added chlamydospore of F. o. melonis or F. o. wvasinfectum
germinated. 1The first gemminating chlamydospores were observed
after 18 hr, while maximal germination occurred 22 hr after
incubation.

Mdition of pre-germinated conidia of T-35 to solls reduced
germination of chlamydospores of F. o. melonis amd F. o,
vasinfectum (Fig. 1, Table 1). Levels of nutrients amended to
soll were revergsely related to the ability of T-35 to reduce
gemination. © At 0.3 and 0.06 mg/g soil of glucose and

asparagine, respectively (the highest level amended) T-35 had

almost no effect (Fig. 1). T-35 had a similar effect when

applied as a seed treatment (Table 1). llowever, when (in another

experiment) T-35 was added as ungerminated conidia the inhibitory

effect was not siygnificant,

‘| Chlanydospore germination 4in rhizosphere soil. 1In rhizosphere

soil of melon and cotton seedlings previously enriched with

chlamydospores of F. o. melonis and F, o. vasinfectum, and

1 planted with melon and cotton seeds, respectively, the maximal

germination rate of chlamydospores {45 % and 56%, respectively)

“1| was_ohserved after 60 hr incubation (Fig. 2).

1
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The inhibitory effect, of T-35 treatments, on chlamydospore
germination in cotton or melon rhizosphere soll was nullified
after the addition of an excess of gerninating co' _un and melon
seed exudates (Table 2), Similarly, under greenhouse coiditions,
a continucus external addition of these exudates to soil
infested with F. o. vasinfectun, and planted with cotton, reduced
the disease control obtained by T-35, after its application as
elther serd coating or a conidial suspension (Table 2).
Rhizospliere colouization by T, harzianun and F. oxysporum. After
its application as a seed treatment, T-35 successfully colonized
the rhizospheres of developing melon, cotton and tomato roots, up
to 12 on from the crown. In irrigated soil the rhizosphere
population of T. harzianum, resistant to 100 mg/L of
cycloheximide (e.g. T-35), was much higher than that counted in
non-irrigated soil {Fig. 3). In both cases the maximal counts of
T-35 were mox;itored on root segments which included the crown and
the root tip. i

In soil infested with F. o. vasinfectum (103 microcoidia/g
soil) the colonization of cotton rhizosphere by T-35 resulted in
a decline in Fusariun spp., cfu on the respective root segments

{Fig. 4). A reduction of more than one order of magnitude was

nt| recorded on root segments at distances of 8-12 an from the crown.

A similar effect was obtain in the rhizosphere of melon as a

consequence of addition of T-35.
The amount of colonization with T-35 of melon rhizosphere

was dependent on the inoculum concentration of F. ©o. nmelonis.
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Soi}l infested with increasing numbers of microconidia of either

F. 0. melonls or F. o. vasinfectum reduced the establishment of

T-35 in the rhizospliere by up to two orders of magnitude an  the
root tip (Fig. 5), Similarly, establishment of F. 0. melonis in
melon  rhizospliere was affected by the number of conidia of T-3§
introduced in the soil. In untreated soil the counts of Fusarium
spp. in rhizosphere ranyed between 1.5x'|05 arnd a.umo" cfu/g
root. However, T-35 treatment with 10° conldia/g soil reduced
the establishment of both pathogens up to 6.3x102 cfu/g of melon
root and rhizosphere soll (Fig. 6).

In order to determine the colonization of rhizosphere and
non-rhizospliere soils, 1infested with F. o. melonis and treated
with T-35, serial dilutions from these solls were carried out
(Table 3). After a seed coating treatment, T. harzianum
effectively colon‘ized the rhizosplere soil but failed to
establish in non-rhizosphere soil. Application of T-35 as a
conidial suspension or a wheat. bran-peat preparation, resulted in
high oolonization of both rhizosphere and non-rhizosphere soils.

All Trichoderma treatments hiad 1ittle effect on the recovery of

Fusarium spp. fram the non-rhizosphere soil. However, Trichoderma

treatments reduced (by up to 3 orders of magnitude) numbers of
Fusaria in rhizosphere soil (Table 3).

13
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Currently, thergc are two indirect approaches to test

canpetition as a mechanism in biological control of soil-borne
plant pathogens. ‘The first is based on the hypothesis that
biological ocontrol resulting from competition has little or no
effect on the viability of the pathogen (2). The second involves

the wuse of limiting factors for which (by definition)

microorganisms may oompete., Addition of an excess of the

candidate factor should nullify the antagonistic effect. The

present study, using those approaches, r=lses the question

whether competition for nutrients and rhizosphere colonization

are involved in the biocontrol of F. oxysporum obtained with T-35
(20,21).

One of the mpst sensitive stages for nutrient canpetition in
the life cycle of Fusarium is chlamydospore gennination (2). 1In

soil infested with - 1lamydospores of F. oxysporum the germination

rate rangyed between 20 'and 30%. ‘These levels of gemnination

oould result fron reserve materials in the chlamydospore, or

might be due to residual organic matter in the ra+ soll. The
major sources of mitrients for soll microoruanisms are mutrlents

derived fron secds or roots. In cur study we uscd glucose and

asparagalne to slmulate the organic carbon and nitrogen

components of plant exwlates as stimulants of chlamydospore
germination. Soil amendnent with increasing amounts of gluccse

and asparagine enhanced the germiration rate to 62%. However,

14
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the addition of higher concentrations of these nutrients did not
result in further increase in germination. ‘he failure of the
remalning chlamydospores to germinate is probably a result of
their continuous dormancy or may be due to utilization of most of
i amendad nutrients by the resident soil microflora (7).
Although the role of plant exuvdates is an important
nucritional  factor for rhizosphere microorganisms 1s  well
established, their role in biocontrol is still unclear. 1In the
present study we evaluated the effect of plant exudates on the
inhibition of chlamydospore germination in vitro and on the
suppression of Fusarium wilt of cotton in vivo ohtained with T-35
when soil was amended with low concentrations of glucose and
asparagine (0.05 and 0.01mg/g soil, respec .ively) or with plant
exudates, pre-germinated oonidia of T-35 were found to inhibit
the gem.inat19n o‘f chlamydospores. liowever, at concentrations
higher than 0.3 ad 0.06 my/g sofl of amended glucose and
asparagine, respectively, or when an excess of exudates was added
the inhibition was nullified. Similarly, in the presence of an
excess of exudates the reduction in Fusarium wilt of cotton, by
T-35 was canpletely neutralized. This indicates that canpetition
for these or similar nutrients my occur. At low levels
nutrients are limiting and canpetitive effects are evident,
resulting in siynificant reduction in chlamydospore yermination.
Indeed, Rovira and his co-workers (197) have already mentirned
that plant root exudates contain lower amounts of carbon and

eneryy than those required by rhizosphere microflora. Similar

15 .
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phenanena have already been described {9,23), in the inhibition

of F. oxysporum f. sp. cucumerinum chlamydospore germination by

pseudomonads.  Chlamydospores of F. o. vasinfectun and F.o.

melqnis in the rhizosphere of cotton amd melon, respectively,
germinated at higher levels campared with the germination
obtained 1in non-rhizosphere soil. The same also occurred with
chalmydsopores of F. solani £. sp. phaseoll and F. oxysporum £.
Sp. cucumerinum, when exposed to bean and cucumber exudates (23).
Inhibition of chlamydospore germination of F. oxysporum could be
obtained* even when the antagonist was applied as a seed coating,
Apparently, effective utilization of root exudates may enable
antagonists applied to seeis to proliferate along the developing
rhizosphere and interfere with seed and root pathogens (7).
After application of T-35 as a seed treatinent in soill without
irrigation, T—3'5 vas recovered from the rhizosphere indicating
the active proliferation of this strain along the developing
roots. 1The greatest oour;ts cf T-35 in the rhizosphere were
detected on root segments which included the root base and tip.
Since the population dynamics of T-35 were recorded from
rhizosphere portions which included roots ard soil. It is not
clear whether T-35 colonlzed the rhizoplane, the rhizosphere soil
or both.  The population of T-35 could be distinguished fram the
resident soil population of Trichoderma spp. by using the natural
resistance of this strain to relatively high concentrations of
cycloheximide (Pe'er and Chet, unpublished). Similar findings

were demonstrated by Alwnad and Baker (1) with a benomyl resistant
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mutant of T. harzianun. 1he relatively high population levels of

antagonists recovered from root tips were also demonstrated with

bacteria (10,15,19).

Most of the exudates present in the rhizosphere are excreted
fran the root tips. Thus, colonization of this reglon in the
rhizosphere might reduce infection by Fusarium-iike pathotypes
which penetrate the vascular system of their hosts through the

undifferentiated xylem at the root tip (7). Rhizosphere

colonization of cotton and melon, by T-35, was accampanied by a

simultaneous decline in Fusari'm Spp.  Reduction in the pathogen

population in the rhizosphere should lead to a decrease in the

infection rate. ‘he level of rhizosphere colonization by T-35

was alfected by the inoculum density of th= pathogen in soil, and

counts decreased in soils inoculated with high inoculum levels of

Pl

both Fusaria, On the other hand, increasing the conidia

concentration of T-35, in soil, resulted in a decrease in

rhizosphere coloniztion b}; F. oxysporum.

In soil infestad with F. o. melonis, Trichodema treatments

had only a slight effect on the survival of F. oxysporum in non-
rhizosphere soil. Hewever, application of T-35 as a wheat bran-
peat  preparstion, conidial suspension or seed coating,

significantly reduced the pathogen counts in thizosphere soil of

melon  amd cotton. The minimal effect of T-35 on population

densities of F, oxysporun in non-rhizospliere soil further suggest

a campetitive mechanism in biocontrol (2). 1These findings are in

'
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correlation with the lack of mycoparasitic and antibiocic
interactions between T-35 and F. oxysporum in vitro (Sivan and
Qiet, unpublishead).. The great reduction of the pathogen
pcpulation densities in the rhizosphere soll could be a result of
a lower proliferation rate of the pathogen in a rhizosphere
already colonlzed by the antagonist. However, this does not

exclude other blocontrol mechanisms fran being involved in the

rhizosphere.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

LEGEND TO FIGURES 4
The effect of pre-germinated conidia of Trichoderma
harzianum on chlamydospore germination rate of

Fusarium oxysporum £, sp., melonis, after 22 hr of

jncubation in soil enriched with chlzinydospores and
amended with glucose and asparagine (5:1 ; wl/wl.
Conidia of T. harzianum were applied at concentrations
of 10° 6

{ ) and 107 ) conidia per g soil and
campared with the untreated control ( ). Germination
values, at each level of nutrients marked with an
asterik are not significantly different from the
control (P=0.05).

Chlamydospore germination of Fusariwn oxsysporum f. sp.
vasinfectum A and F. oxysporum f. sp. melonis B in
ooi:ton and melon rhizosphere soil ( ), respectively,
as coampared with the germination rate in non-
rhizosphere soil ( ). Drackets indicate the S.E.

Rhizosphere colonization, of several crops, by

Trichodenna harzianum (T-35), applied as a seed

coating, in A; irrigated and B, non-irrigated soll.

e effect of ootton seed coating with Trichoderma
harzianum (T-35) on A, rhizosphere soil population of
7-35 and B, Fusarium spp. (B) after B8 days of
incubation in soil inoculated with microconidla of FE.

oxysporun £. sp.vasinfectum (103/9 soil).

e v e tca e r4 meme e eeEe S
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Fig. 5.

Fig. 6.
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The effect of microconidial concentration, in soil,

of Fusarium oxysporum £. sp. melonis on colonization

of melon rhizosphere by Trichodemma harzianum after

its application as a seed coating,

The effect of Trichodenma harzianum  (T-35) conidial

suspension concentration on oojonization of melon

xhizosphere by Fusarium oxysporum f. sp. melonis.
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TABLE 2. Effect of germlrating seed exudates of cotton and melon on the
inhibitory effect of T. harzianum on chlamydospore gemmination of F. oxysporun

and on the disease control of Fusariwn wilt of cotton.

(u)
~hlamydospore germination (%)

Trichodemia (v) Wilted cﬂﬁou
treatments Exudates rov o pla'nts
(x)
Not added 24.5 ab 23.8 ab 73.8 ab
None
Added 29.80 a 27.1 a 85.9 a
(y) llot added 12.4 ¢ 10.1 ¢ 33.6 ¢
Conidial
suspension Aded 22.1 b 19.3 b 68.9b
(z) Not added 14.7 c 13.1 ¢c 39.1 c
Seed coating
Added 23.4 b 25.6 a 75.1 ab

(u) Counted wrler U.V. light microscope using Calcofluor
(v) Exudates were produced fram 800 yerminating secds. The calculated amount

(;E exudateés produced by 10 seeds was added to each replicate (0.5 Kg soil

sown with 10 sceds) at sowing date and once every 3 days, until the end of

the experiment (twenty days after sawing).

A. Calculated amount of exudates produced by 3 cotton or melon seeds were
mixed with 50 g of soil enriched with chlamydospores of F. o.
vasinfectun or F. o. melonis, respectively. ‘

{(w) Under greenhouse conditions in soil infested with microconidia of F. o.
vasinfectun (2 x 106/kg soll).

(x) Values of each colum followed by the sawe letter, are not
significantly different (P=0.05) according to Duncan's nultiple

range test,

{y) 1x106 conidia of T-35 per y. soll.
(z) 7.5xlO4 and 5.\(104 conidla of T-35 per each ootton or melon seed,

respectively.
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TABLE- 3. Effect of T. harzianun on Fusariwm spp. population in

melon rhizosphere and non-rhizosphere soil(r) .

Colony forming units/g soll x 102

I'richodenna spp.(s) . Fusariuwnm spp.(t)
Trichodenna RhleSphere(u) Non-rhlzosphere(v) Rhlzosphere lion-rhizospliere
treatients soll soil soll soil
(w)

None 4.2 c 1.5d 1900 a 920 a
(x) .

Seed coatling 480 b 9 c 35 b 750 a
(y)

(onidlal

suspension 51000 a 20000 b 41 b 30 b
(z)

Preparation 55000 a 55000 a 43 b 3% b

(r) 1he soil was inoculated with 2x10[3 mlcroconidia./g soll, planted with melon
seeds and placed in the greenhouse for 30 days.

(s) Counted on TSH (12)

(t) Counted on Fusarium selective mediun (15) amended with 2 my/L of benanyl..

(u) 1he plants yere gently uprooted and the soil adhering to the roots was
collecteds,

(v) Oanbined soil sanples fron distances greater than 1 an fron the roots.

(w) Values of each colunn followed by the same letter are not
significantly different (P=0.05) according to puncan's multiple
range test.

(x) 7.5¢10" conldia of T-35 per secd.

{y) 5}(106 conidia of T-35 per g soil.

(z) Wheat bran-peat (1:1; v/v) preparation of '-35 consisting of 5x106

cfu/g (d. wt.)} was introduced into soil at a rate of 5 g/ky soll.
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