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Summary. The impact of two application rates of Fusarium solani strain Fs5 (3.5X10°® and 2.2X10" cfu ml?) and
Pseudomonas aeruginosa strain IE-6S* (2.8 X107 and 1.3X10® cfu ml™) on various population densities of Meloidogyne
Javanica in tomato was tested in pots under greenhouse conditions. Whilst combined applications of F. solani and P.
aeruginosa caused a marked suppression of root knot 6 and 12 weeks after nematode addition, F. solani alone failed
to inhibit root-knot infection after 6 weeks, and P. aeruginosa alone was ineffective after 12 weeks. Both biocontrol
agents were frequently isolated from the inner root tissues of tomato without any detrimental effect on plant growth.
High inoculum levels of M. javanica not only increased root knot but also promoted inner root colonization by F.
solani and P. aeruginosa. Inner root colonization by F. solani was greatly reduced when high inoculum levels of the
bacterium and low application rates of the fungus were used together. Likewise, P. aeruginosa at low inoculum levels
in the presence of high dosages of F. solani led to the complete absence of the bacterium from the inner root tissues.
F. solani parasitized eggs and females of M. javanica but P. aeruginosa did not. Egg parasitism increased with in-
creasing fungal inoculum levels. Six weeks after nematode inoculation, F. solani at the low inoculum level and P.
aeruginosa at both dosages greatly reduced fungal egg parasitism rates, whereas 12 weeks after nematode inocula-
tion, both organisms used together promoted fungal parasitism. Under field conditions at Karachi and Gharo, com-
bined application of P. aeruginosa and F. solani caused greater suppression of root-knot development due to M.
Javanica than either antagonist alone. Inner root colonization by F. solani and P. aeruginosa was higher in Karachi
than in Gharo. When the microorganisms were applied alone, egg parasitism rates by F. solani were similar in both
localities, but when they were applied together, the egg parasitism rate was slightly higher in Karachi than in Gharo.
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Introduction ticide application have been used to combat these
nematodes but yield losses persist. Use of nemati-
cides is limited for safety and economic reasons,
resistance can be affected by shifts in nematode
races, and crop rotation is often effective but may
be restricted by the need to select for certain crops,
by the increase of other nematode populations, and
by the ability of the eggs to remain dormant for
years (Rodriguez-Kabana, 1992; Young, 1992; Mey-
Corresponding author: LA. Siddiqui er et al., 1998). There is, therefore, growing inter-
E-mail: imran_75850@yahoo.com est in alternative control approaches for use in in-

Root-knot nematodes (Meloidogyne spp.) are
economically important pests that cause severe
damage to a wide variety of crops, in particular
tomato. Various techniques, including crop rota-
tion, the planting of resistant cultivars, and nema-
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tegrated pest management programs. Existing
management procedures could be enhanced by the
development of biocontrol strategies.

Biocontrol strategies generally involve the ap-
plication of an agent that is antagonistic to a sin-
gle pathogen. This often results in failure because
the agent’s activity varies with the soil environ-
ment and may not perform as well against other
pathogens attacking the host. One way to control
a wide range of pathogens and to achieve better
control of a single pathogen is to employ mixtures
of antagonists with superior biocontrol potential.
Among several possible strategies, a mixture of
antagonists with different mechanisms of disease
control is appealing and often successful (Raupach
and Kloepper, 1998). Under natural conditions, too,
the most common form of biocontrol is with a mix-
ture of agents rather than a single antagonist.
Mixtures of fungi and rhizobacteria have general-
ly given promising results (Pierson and Weller,
1994; Siddiqui et al., 2000).

Despite being successful against a variety of
pathogens, only a limited number of compatible and
effective mixtures of biocontrol agents have been
discovered, and this presumably for several rea-
sons. Most mixtures have no benefit, or are even
detrimental to biocontrol activity (Dandurand and
Knudsen, 1993). A mixture that is effective under
one set of conditions or on one particular host may
have a negative effect under another set of condi-
tions or on a different host. From an economic view-
point, a mixed biocontrol product may be disad-
vantageous, because its mass production is likely
to be more expensive than that of a single agent
(Raupach and Kloepper, 1998). Nevertheless, great-
er emphasis should be placed on developing mix-
tures of biocontrol agents because they may achieve
better plant colonization, are better adapted to
changing environmental conditions over a grow-
ing season, present a larger number of pathogen-
suppressive mechanisms, and/or protect against a
broader range of pathogens (Backman et al., 1997).

The particular stage in the nematode life cycle
that is attacked by the control agent has a pro-
found effect on the nematode damage caused to the
crop and on the amount of population control
achieved. Trapping fungi and rhizosphere bacte-
ria that attack only second-stage juveniles of cyst
and root-knot nematodes may improve crop growth
but is unlikely to prevent nematode populations
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from increasing, especially those belonging to spe-
cies that produce more than one generation in a
growing season. In contrast, parasites that attack
developing females and eggs act like a partially
resistant cultivar in that initial nematode invasion
and plant damage is not prevented but later mul-
tiplication of the nematode is significantly reduced.
Root colonizing fungi such as the mycorrhizae, and
endophytic species such as Fusarium spp., reduce
both the invasion and the development of nema-
todes (Kerry, 1997).

The present paper investigates the potential of
Fusarium solani and Pseudomonas aeruginosa at
two inoculum levels, singly and in combination,
against two different population densities of Melo-
idogyne javanica, and examines infection levels of
subsequent generations of nematodes on tomato
under greenhouse conditions. The effectiveness of
the two biocontrol agents singly and in mixture was
also evaluated under different field conditions.

Materials and methods

Organisms

The biocontrol agents used were F. solani strain
Fs5, originally isolated from a female of M. javani-
ca and the spontaneous streptomycin-resistant
strain IE-6 S* of P. aeruginosa. The wild-type strain
IE-6 was originally isolated from the rhizosphere
of sunflower where it produced significant suppres-
sion of root-infecting fungi and root-knot nema-
todes (Siddiqui et al., 2001). Strain Fs5 of F. solani,
which is also antagonistic to M. javanica in toma-
to (Amer-Zareen et al., 2001), was maintained on
potato dextrose agar (PDA) (Difco, Detroit, MI,
USA), and P. aeruginosa on King’s B medium (KB)
(King et al., 1954) at 28°C.

Greenhouse experiments

Unsterilized sandy-loam soil of pH 8.1 (organic
matter 0.3%, water holding capacity 37.8%) was
obtained from the experimental field of the Crop
Disease Research Institute (CDRI, Karachi, Paki-
stan) and screened through a 2-mm mesh sieve to
discard pebbles and gravel. The soil was autoclaved
and placed in 8-cm-diam. plastic pots at 350 g pot™.

The effectiveness of high and low inoculum lev-
els of F. solani and of P. aeruginosa individually or
in combination, against high and low population
densities of M. javanica was evaluated at two time
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intervals. This experiment was planned as a
3X3%x3X2 factorial design with four replicates for
each harvest (a total of eight pots per treatment).
The factors comprised 3 inoculum concentrations
of F. solani (0, 10 or 107 ¢cfu ml™?); 3 inoculum con-
centrations of P. aeruginosa (0, 107 or 10® cfu ml™);
3 population densities of M. javanica (0, 500 or 2000
juveniles/plant); and two sampling dates (6 weeks
and 12 weeks after inoculation). The upper soil was
removed to a depth of 3 cm and a 25-ml conidial
suspension of F. solani in sterile distilled water
containing 3.5X10° or 2.2X107 (cfu ml') was de-
posited in each pot. Other pots received a 25-ml
cell suspension of P. aeruginosa containing either
2.8%107 or 1.3X10® (cfu ml™?). In a third set of pots
F. solani and P. aeruginosa were applied together
(at both concentrations); in this case the amount
of each was reduced by half, i.e. to 12.5 ml of each
organism. Pots not receiving any organisms served
as controls. After treatment the previously removed
soil was replaced. Each pot was planted with two
three-week-old tomato seedlings, which were al-
lowed to become established for one week, when
they were inoculated with 0, 500 or 2000 freshly
hatched M. javanica juveniles. The pots were fer-
tilized twice a month with urea at 0.10 g kg’ of
soil. The plants from four pots per treatment were
harvested 6 weeks after nematode inoculation,
those from the remaining four pots after a further
6 weeks (12 weeks after nematode inoculation).
Plant growth parameters such as plant height,
root length and fresh weight of the shoots and roots
were recorded. The galls produced by M. javanica
on the root system were counted under low magni-
fication (X6). The root system in each set of pots
was chopped into small segments, divided into
three equal portions and kept in a refrigerator pri-
or to use. To determine nematode invasion of the
root, one of the root portions was blotted dry, re-
weighed, wrapped in muslin cloth and dipped for
3—4 min. in boiled 0.25% acid fuchsin with lactic
acid. It was then washed in running tap water to
remove excess stain and cooled in vials containing
1:1 glycerol:water plus a few drops of lactic acid.
Roots were macerated in an electric grinder for 45
s. The macerate was suspended in 100 ml water
and invaded females of M. javanica counted in 5
samples of 5 ml each with the aid of a low-power
microscope (X6). To determine fungal parasitism,
ten egg-masses per treatment were randomly se-
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lected. Each egg-mass was crushed in a drop of
0.01% sodium hypochlorite solution to dissolve the
gelatinous matrix. Eggs were washed three times
in distilled water, dispersed in 3 ml water and 0.5
ml of each suspension was plated onto 0.8% water
agar. The dishes were incubated at room tempera-
ture (27+£3°C). After 3 days, 100—200 eggs on each
dish were examined for growth of fungal hyphae
from the eggs. Ten females were hand-picked, sur-
face sterilized with 0.5% Ca(OCl),, washed thor-
oughly and plated onto 0.8% water agar to observe
parasite invasion.

To assess colonization of F. solani in tomato
roots, 5-mm-long root-pieces (five pieces per plate)
from one of the stored samples were surface-steri-
lized with 1% Ca(OCl), for three minutes and
placed on PDA supplemented with penicillin
(100,000 units 1) and streptomycin sulphate (0.2
g I'). After incubation for 5 days at 28°C, the colo-
nization percentage was calculated as follows:

No. of root pieces colonized by F. solani
Colonization (%) = - ———————————— —— X 100
Total No. of root pieces

To determine the endophytic populations of P.
aeruginosa, the remaining root samples with ad-
hering soil were reweighed, washed to eliminate
the soil, surface sterilized with 1% Ca (OCl), for 1
min and rinsed twice with sterile distilled water.
The sterilized roots were submerged for 30 s in 15%
H,0, and again rinsed twice in sterile distilled
water. The tissue was then macerated in 10 ml of
0.1 M MgSO, solution (buffered to pH 6.5) with
0.02% Tween-20. Ten-fold serial dilutions of the
suspension were prepared and 100-pl aliquots from
the appropriate dilution were plated onto KB me-
dium amended with 100 pl streptomycin sulphate.
The plates (9 cm diam.) were incubated at room
temperature (25+3°C) for 48 h and the cfus were
counted (Pillay and Nowak, 1997). Plants grown
in soil not inoculated with P. aeruginosa were also
examined for fluorescent pseudomonads. The col-
onies of streptomycin-resistant P. aeruginosa that
appeared on the plates were compared with the
culture of IE-6S* with regard to morphological and
biochemical characteristics.

Field trials

Field trials were conducted in 2X1 m microplots
at two different sites, one at the experimental field




of the CDRI in Karachi and the other at Gharo,
about 40 miles east of Karachi city. The soil char-
acteristics of the two sites are given in Table 1.

After removing the soil to a depth of 5 cm, a
conidial suspension of either Fs5 yielding 1.3X10’
cfu ml™ or of IE-6S* containing 2.1 10° cfu ml™ was
deposited in a furrow at a rate of 300-ml m™. In
other plots, the soil was drenched with a mixture
of both the P. aeruginosa and the F. solani strain
(150+150 ml 1! m™ furrow). Soil drenched with 300-
ml 1! m™ sterile distilled water served as control.
After drenching, the removed soil was replaced and
six three-week-old tomato seedlings were planted.
One week after transplantation, these seedlings
were inoculated with 1000 freshly hatched M. java-
nica second-stage juveniles. The juveniles were
suspended in 25-ml water and poured into three
holes around the tomato roots. Each treatment and
control was replicated three times. The microplots
were arranged in a randomized complete block
design.

The plants were watered at two-day intervals
and harvested 60 days after nematode inoculation.
The data recorded were: plant height, f wt of shoots
and roots, number of galls and egg masses produced
on the root system. Reisolation of Fs5 from females
and eggs was performed as above.

Statistical analysis

Data were analyzed using factorial analysis of
variance (FANOVA) employing the Statistica 5.0
package, StatSoft, Inc. (1995, Tulsa, OK, USA).
Treatment means were compared using the least
significant differences test (Sokal and Rohlf, 1995).
The data of bacterial colonization were transformed
to log;y x+1 prior to analysis.

Table 1. Soil characteristics of the two locations (Kara-
chi and Gharo) where the field experiments were con-
ducted.

Location

Soil characteristic
Karachi Gharo

Maximum water holding capacity % 35.7 26.2
Moisture content of soil % (November) 8.6 8.3

pH 8.1 7.8
Organic matter % 0.5 0.2
K" ppm 24 17

CaCO; % 10.1 12.4
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Results

Green-house experiment

Six weeks after nematode inoculation, in soils
infested with 500 M. javanica juveniles/pot, F.
solani applied alone at either dosage failed to con-
trol root-knot development from M. javanica, while
P. aeruginosa used alone, or in conjunction with F.
solani (at either dosage), significantly reduced gall-
ing intensity (P<0.05) (Table 2). By contrast, in pots
with 2000 juveniles, F. solani alone at high level,
or P. aeruginosa at either dosage alone or in com-
bination with F. solani, caused significant suppres-
sion of root-knot development (P<0.05). At 12
weeks, F. solani applied alone at either concentra-
tion, or P. aeruginosa at the high concentration, or
both agents combined at all concentrations signif-
icantly reduced galling intensity in soils with 500
juveniles/pot. At 2000 juveniles/pot, both F. solani
and P. aeruginosa alone, and also the two in com-
bination, greatly reduced galling rates. P. aerugi-
nosa was more effective in suppressing galls than
F. solani at 6 weeks, but the reverse was true at 12
weeks. The combined application of F. solani and
P. aeruginosa, particularly at the higher concen-
trations, was considerably more effective than the
application of each singly, at both sampling dates.
Not unexpectedly, nematode invasion levels close-
ly followed the pattern of galling intensity.

At both sampling dates (6 and 12 weeks after
nematode inoculation), the higher concentration of
F solani plus the higher nematode population den-
sity resulted in increased fungal colonization of the
inner root tissues of tomato (Table 3). At 6 weeks,
P. aeruginosa at the higher concentration in the
presence of the lower concentration of F. solani re-
duced fungal inner root colonization, while both
these organisms at their higher dosage enhanced
the endophytic colonization capability of the fun-
gus. By contrast, at 12 weeks after nematode inoc-
ulation, the bacterium at both concentrations great-
ly curtailed the internal root colonization of F.
solani, regardless of nematode density.

At both sampling dates, P. aeruginosa and F.
solani used together at both dosages strongly re-
duced bacterial inner-root colonization (Table 3).
P. aeruginosa at low dosage but with a high dosage
of F. solani resulted in complete absence of the
bacterium from the inner root tissues. P. aerugino-
sa levels in the inner root tissues declined ten-fold
at 12 weeks compared with its levels at 6 weeks.
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Table 2. Number of galls per root system and number of juveniles g of root extracted from tomato roots harvested 6
and 12 weeks after inoculation with 0, 500 or 2000 Meloidogyne javanica juveniles per pot and treated with Fusarium
solani at rates of 10° (FL) or 10" (FH) cfu ml’ suspension, or with Pseudomonas aeruginosa at rates of 107 (PL) or 10®
(PH) cfu ml"! suspension, or with combinations of the two (FL+PL; FL+PH; FH+PL; FH+PH), or left untreated (n=4).

F. s%l/ani M. javanica galls/root system M. javanica juveniles/g root
and/or

P. aeruginosa 6 weeks 12 weeks 6 weeks 12 weeks

treatment

0 500 2000 0 500 2000 0 500 2000 0 500 2000

Control 0 33 127 0 68 182 0 38 181 0 77 279
FL 0 29 119 0 42 131 0 44 208 0 56 191
FH 0 32 104 0 30 117 0 33 167 0 39 152
PL 0 20 94 0 61 162 0 29 146 0 71 259
PH 0 18 81 0 50 140 0 26 138 0 64 213
FL+PL 0 20 109 0 36 128 0 30 173 0 60 186
FL+PH 0 16 78 0 37 118 0 25 157 0 53 174
FH+PL 0 22 89 0 48 104 0 30 141 0 55 161
FH+PH 0 16 78 0 35 95 0 17 119 0 34 142
LSDy 05

F. solani 7.5 6.6

P. aeruginosa 7.5 6.6

M. javanica 7.5 6.6

Time 6.3 5.8

Table 3. Inner root colonization by Pseudomonas aeruginosa and Fusarium solani and fungal infection in Meloido-
gyne javanica females and eggs extracted from tomato roots harvested 6 and 12 weeks after inoculation with 0, 500
or 2000 M. javanica juveniles per pot and treated with F. solani at rates of 10° (FL) or 107 (FH) cfu ml" suspension,
or with P. aeruginosa at rates of 107 (PL) or 10® (PH) cfu ml"! suspension, or with combinations of the two (FL+PL;
FL+PH; FH+PL; FH +PH), or left untreated (n=4).

P. aeruginosa colonization

F. solani colonization (%) [(log cfu g £ wt)+1]

Treatment
6 weeks 12 weeks 6 weeks 12 weeks
0 500 2000 0 500 2000 0 500 2000 0 500 2000

Control 0 0 0 0 0 0 0 0 0 0 0 0
FL 18.7 37.5 46.6 21.8 46.8 46.8 0 0 0 0 0 0
FH 25 25 40.6 40.6 50 59.3 0 0 0 0 0 0
PL 0 0 0 0 0 0 3.2 3.2 3.4 2 2.3 2.4
PH 0 0 0 0 0 0 3.9 3.9 4 2.3 2.5 2.7
FL+PL 12.5 12.5 21.8 18.7 22.1 37.6 3.1 3.2 3.2 n.d. 2.1 n.d.
FL+PH 12.5 31.1 37.5 18.7 21.8 40.6 3.7 3.4 3.6 2.2 2.3 2.4
FH+PL 24.8 28.1 43.7 37.5 37.5 46.8 2.2 2.4 2.5 n.d. n.d. n.d.
FH+PH 25.2 34.3 50 22.1 46.8 46.8 2.5 3.1 3.0 n.d. 2 2
LSD0A05

F. solani 4.7 0.2

P. aeruginosa 4.7 0.2

M. javanica 4.7 0.2

Time 4 0.2

n.d., not detected.
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In general, at both sampling dates, an increase in
the fungal inoculum level and in the population
density of M. javanica was accompanied by an in-
crease in the female parasitism rate by F. solani
(Table 4). At 6 weeks, F. solani at the lower con-
centration combined with either high or low levels
of P. aeruginosa enhanced female parasitism, while
the fungus combined with the higher concentra-
tion of P. aeruginosa did not affect the rate of fun-
gal egg parasitism. At 12 weeks, when nematode
levels were low, F. solani at low concentration in
the presence of the low level of P. aeruginosa en-
hanced the female parasitism rate, while the higher
level of the bacterium inhibited egg parasitism,
whereas when nematode infestation was high, the
lower level of F. solani with either level of P. aeru-
ginosa enhanced fungal parasitism. At low nema-
tode infestation, F. solani at the higher concentra-
tion with either dosage of P. aeruginosa reduced
the female parasitism rate, while at high nema-
tode infestation, F. solani at the higher concentra-
tion with the lower concentration of P. aeruginosa
reduced parasitism, but with the higher concen-
tration of P. aeruginosa increased it.
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In general, percent egg infection increased with
increasing fungal concentration. At 6 weeks, in the
presence of low nematode populations, fewer eggs
were infected when the lower level of F. solani was
applied alone (Table 4), while at higher nematode
infestation, F. solani at low concentration combined
with P. aeruginosa at either application level re-
duced the egg parasitism rate by F. solani. At 12
weeks, when population densities of M. javanica
were low, egg parasitism by the fungus increased
when F. solani at either dosage was combined with
the lower concentration of P. aeruginosa, while the
higher concentration of the bacterium decreased
egg parasitism. In the presence of high nematode
densities, egg parasitism by the fungus was high-
er when P. aeruginosa and F. solani were applied
together.

Field experiment

At both the Karachi and the Gharo fields, the
application of F. solani and P. aeruginosa individ-
ually or in combination significantly (P<0.05) sup-
pressed root-knot development (Table 5). At both
sides the combined application of the two organ-

Table 4. Fusarium solani infection in Meloidogyne javanica females and eggs extracted from tomato roots 6 or 12
weeks after inoculation with 500 or 2000 M. javanica juveniles per pot and treated with F. solani at rates of 10° (FL)
or 107 (FH) c¢fu ml* suspension, or with Pseudomonas aeruginosa at rates of 107 (PL) or 108 (PH) cfu ml" suspension,
with combinations of the two (FL+PL; FL+PH; FH+PL; FH +PH), or left untreated (n=4).

Female infection (%) Egg infection (%)
Treatment 6 weeks 12 weeks 6 weeks 12 weeks
0 500 2000 0 500 2000 0 500 2000 0 500 2000

Control 0 0 0 0 0 0 0 0 0 0 0 0
Carbofuran 0 0 0 0 0 0 0 0 0 0 0 0
FL 0 3 10 0 15 18 0 1.4 10.6 0 11.4 23.4
FH 0 10 18 0 28 30 0 0 20.4 0 11.4 29.9
PL 0 0 0 0 0 0 0 0 0 0 0 0
PH 0 0 0 0 0 0 0 0 0 0 0 0
FL+PL 0 13 18 0 23 23 0 0 8.3 0 20.9 26.6
FL+PH 0 5 10 0 10 23 0 0 3.9 0 8.7 28.4
FH+PL 0 10 10 0 18 28 0 0 20.5 0 18.5 30.1
FH+PH 0 10 18 0 20 35 0 0 17.6 0 9.1 28.6
LSDg 5

F. solani 1.6 0.8

P. aeruginosa 1.6 0.8

M. javanica 1.6 0.8

Time 1.3 0.6
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Table 5. Effect of Fusarium solani (strain Fs5) alone or in combination with Pseudomonas aeruginosa (strain IE-
6S*) on the development of root-knot infection, nematode invasion, and root colonization by F. solani, and on female
and egg parasitism by the fungus and growth of tomato plants under field conditions at Karachi (K) and Gharo

(®).
M. javanica Nematode F. solani parasitism (%)* Plant Shoot Root
galls/root colonization by height weight weight
Treatment system® F. solani (%)* Female Egg (cm)? (g)* (g)*
K G K G K G K G K G K G K G
Control 73 93 25 18 0 0 3 0 142 135 163 145 1.8 23
F. solani (Fsb) 59 68 43 32 18 10 21 18 168 149 184 149 14 1.8
P. aeruginosa (IE-6 S*) 46 63 0 0 3 0 2 0 192 178 23.1 201 14 2
Fs5 + IE-6 43 56 57 29 23 17 25 20 186 181 179 198 15 1.8
LSDy.05
Treatments 11 9 12 14 4.3 34 0.8
Localitions 9 6 7 8 3.1 2.7 0.5

# All surveys were carried out in two locations: K, Karachi, and G, Gharo.

isms caused greater suppression of the root-knot
nematode than when only one was applied. How-
ever, the suppressive effect was not significantly
different between application of the bacterium
alone and that of the two antagonists together. Root
knot was more severe in Gharo than in Karachi
(P<0.05) whether or not the biocontrol agent(s)
were present. Compared to the application of F.
solani alone or to the untreated controls, combined
treatment of F. solani and P. aeruginosa at Kara-
chi resulted in significantly (P<0.01) greater colo-
nization of the inner root tissues by the fungus.
Similarly, at both locations, F. solani and P. aeru-
ginosa applied together resulted in a greater in-
ner root colonization than when P. aeruginosa was
applied alone. However, inner root colonization by
the bacterium was significantly (P<0.01) greater
in Karachi than in Gharo (Fig. 1). Though the dif-
ference was not significant, the antagonists applied
together caused greater female parasitism by F.
solani than when each was applied alone at both
locations, with a slightly higher parasitism rate in
Karachi than in Gharo. A few females were also
parasitized by F. solani when P. aeruginosa was
applied alone in Karachi. Egg parasitism by F.
solani was also greater in both locations when both
organisms were applied together. With respect to
egg parasitism, there was no marked difference
between the two locations when F. solani was used

144

Phytopathologia Mediterranea

alone, but when the two organisms were applied
together egg parasitism was slightly higher in
Karachi than in Gharo. P. aeruginosa either alone
or in combination with F. solani caused a signifi-
cant (P<0.05) increase in plant height over the
untreated controls at both locations, whereas P.
aeruginosa applied alone caused a significant
(P<0.01) increase in the f wt of the shoot. Untreat-
ed plants had greater root weights than treated
plants (Table 5).

Discussion

Whereas at 12 weeks after nematodes inocula-
tion F. solani was more effective when large
amounts of egg masses were developed, with in-
creased chances of fungal infection, at the first sam-
pling date the fungus failed to prevent the nema-
todes from invading the roots. F. solani should
therefore be regarded as a facultative parasite of
the root-knot nematode rather than a true para-
site. Since opportunistic and ectoparasitic fungi do
not produce structures for the capture of nema-
todes, the constant movement of nematodes ham-
pers sustained contact and penetration of the fun-
gi into live juveniles (Freire and Bridge, 1985).
Females and eggs, which are sedentary stages of
the nematode, are more easily penetrated by the
fungus. The fungus has a parasitic phase (on root-




knot nematodes) as well as a saprophytic phase.
In the saprophytic phase its growth and survival
are dependent on nutrients other than those pro-
vided by the nematode host. Furthermore, the fun-
gus is also an endophyte utilizing the nutrients
being absorbed by the plant. In its parasitic phase
the fungus infects the eggs laid by root-knot nem-
atodes in egg masses produced on the root surface
(Amer-Zareen et al., 2001).

It is interesting to note that, when applied alone,
P. aeruginosa was more effective in the suppres-
sion of root-knot nematode at the first sampling
date, whereas F. solani afforded better protection
at the second sampling. Therefore the fungus alone
cannot be used to prevent initial root damage. How-
ever, the combined application of both biological
control agents caused significant suppression of the
root-knot nematode at both sampling dates. Since
the establishment of the bacterium in the rhizo-
sphere is a prerequisite for the control of plant
pathogens, the failure of P. aeruginosa to suppress
M. javanica at the second sampling date could be
seen as the result of a depleted P. aeruginosa pop-
ulation in the rhizosphere at that time. Despite
the reduction, the final population remained at a
fairly high level, presumably because of the short
duration of the colonization of the bacterium, re-
sulting in delayed nematode hatching and eventu-
al penetration. In addition, only a portion of the
root and root tips was colonized with the bacteri-
um and a certain amount of root penetration there-
fore always occurred. These results accord well with
our previous finding that P. aeruginosa caused
greater suppression of the root-infecting fungi and
root-knot nematode in tomato and mungbean at
the first sampling date than at the second (Sid-
diqui et al., 2001). This interactive dynamic of P.
aeruginosa and M. javanica explains why F. solani
was more effective at the second sampling date.
Strain Fs5 of F. solani used in this study is a facul-
tative parasite on eggs and females of M. javanica
(Amer-Zareen et al., 2001), but the juveniles, be-
cause they are mobile, escape fungal attack. It is
likely that due to the prevalence of P. aeruginosa
in the rhizosphere, fewer juveniles (females) mi-
grated to the roots, producing fewer egg masses.
This created an opportunity for the fungus to grow
and multiply on and in the roots while not serious-
ly attacking the nematode. However, after the first
sampling date, more juveniles invaded the host
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producing more egg masses. It is likely that the
fungus infected these egg masses, the aggregation
of the eggs facilitating the spread of infection, and
this reduced the reproductive potential of the fe-
males in subsequent generations, thus preventing
severe root damage at the second sampling date.

Plant-parasitic nematodes, fungi and bacteria
are common coinhabitants of the rhizosphere en-
vironment, interacting with each other in negative,
synergistic, or positive ways, often by the release
of toxic substances. Therefore, apart from parasit-
ism by F. solani on the eggs and females of M. java-
nica, a possible role of toxic compounds in the sup-
pression of the root-knot nematode must also be
considered. Fusarium spp. are pathogens and en-
dophytes that produce a wide variety of mycotox-
ins (Bacon and Hilton, 1996; Leslie et al., 1996).
Among the more significant toxins that are pro-
duced by Fusarium spp., and that are nematicidal
in action, are T-2 toxin, zearalenone, moniliform-
in, and fusaric acid (Ciancio, 1995). Recently it has
been found that fusaric acid is produced by all
strains of Fusarium (Bacon et al., 1996). In addi-
tion to its ubiquity and potential toxicity, fusaric
acid may also act synergistically with other tox-
ins, including bacterial toxins, to elicit toxic re-
sponses in a variety of organisms (Smith et al.,
1997; Smith and Seddon 1998). Rhizobacteria are
also known to produce some toxic compounds in-
hibitory to plant-parasitic nematodes (Oostendorp
and Sikora, 1990; Devidas and Rehberger, 1992).

It is interesting to note that at both sampling
dates, P. aeruginosa and F. solani used together at
both dosages markedly reduced bacterial inner root
colonization. This inhibitory effect was even more
pronounced at the higher concentration of F. solani
and the lower concentration of P. aeruginosa. In a
previous study, a negative correlation between F.
oxysporum infection and bacterial inner root and
shoot colonization was recorded in tomato (Siddi-
qui and Ehteshamul-Haque, 2000). In other stud-
ies, fusaric acid at concentrations as low as 0.12
ug mg repressed production by Pseudomonas fluo-
rescens CHAQO of the antibiotic 2,4-diacetylphloro-
glucinol, a key factor in the biocontrol activity of
the bacterium (Duffy and Defago, 1997).

In this study, P. aeruginosa (at high inoculum
level) and F: solani (at low inoculum level) adverse-
ly affected fungal inner root colonization. The vast
majority of microorganisms including certain plant-
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associated bacteria, produce siderophores (Winkel-
mann, 1991; Barton and Hemming, 1993), a diverse
class of high-affinity iron chelating compounds.
This makes iron unavailable to other organisms
so that they are unable to grow in these environ-
ments; germlings of many fungi lyse under these
conditions. In some studies, siderophores produced
by strains of P. aeruginosa were reported to dis-
play antifungal activity (Rosales et al., 1995; De
Meyer and Hofte, 1997).

The ability of P. aeruginosa (by preventing ini-
tial root damage) and F. solani (for long-term nem-
atode control by parasitizing eggs and females) to
suppress root-knot nematode may contribute to the
effectiveness of these organisms as biocontrol
agents used in a mixture. But before application
of either organism, their pathogenicity to human
beings should be investigated. The results present-
ed here indicate that mixtures of endophytic F.
solani and P. aeruginosa can provide enhanced dis-
ease protection and improve the consistency of bi-
ological control.
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