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Introduction

Root-knot nematodes (Meloidogyne spp.) are
plant parasites attacking a wide variety of crops
worldwide (Goodey et al., 1965). The economic dam-
age inflicted by this group of nematodes is enor-
mous with crop losses estimated at nearly 13%
(Sasser, 1979), the tropics and subtropics being the

areas most severely affected. Yield losses are in-
fluenced by the pathogenicity of the nematode spe-
cies involved, its reproductive potential, nematode
population densities at planting, host susceptibili-
ty and tolerance, and a range of environmental
factors. Nematicides are traditionally used for the
management of nematode populations. The fact
that many nematicides (e.g. fumigants) pose sig-
nificant health and environmental risks has pro-
moted a search for alternative methods of nema-
tode management. An understanding of the bio-
logical control of nematodes in nature and an as-
sessment of the exploitation of antagonists to nem-
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atodes is fundamental to the development of such
methods. There is also a great need for informa-
tion on how nematodes interact with other organ-
isms in the soil and the rhizosphere.

Often the efficacy of a biocontrol agent is de-
pendent on biotic or abiotic factors such as inocu-
lum level (Leij et al., 1992), nematode species (Leij,
1992) soil moisture (Nigh et al., 1980; Leij and
Kerry, 1992; Siddiqui and Ehteshamul-Haque,
2001) and temperature (Nigh et al., 1980). Tem-
perature has a direct effect on fungal growth and
sporulation and on the development of target nem-
atodes. Soil moisture rarely limits the growth of
fungi but affects dispersal of spores or zoospores.
Soil texture and structure influence nematode ac-
tivity and the growth and spread of micro-organ-
isms (Kerry, 1997). Another means to control sev-
eral plant pathogens may be by using naturally
occurring plant volatile compounds (Wilson et al.,
1999). Benzaldehyde is commonly found in fruits
as a flavor compound and readily decomposes into
benzoic acid and water (Do et al., 1969). It is re-
ported to act as a fungicide in vitro (Wilson et al.,
1987) and as a nematicide in the soil (Bauske et
al., 1994; Shaukat and Siddiqui, unpublished data).
Benzaldehyde when applied as a fumigant signifi-
cantly reduced the viability of soil-borne plant path-
ogenic fungi, including Rhizoctonia solani and Scle-
rotinia minor, and reduced populations of Pythium
aphanidermatum. However, it also markedly in-
hibited the growth of biocontrol fungi like Tricho-
derma harzianum and Talaromyces flavus (Wilson
et al., 1999). Therefore, a thorough understanding
of the interactions between nematodes and their
enemies and of the factors that influence these in-
teractions, is essential in exploiting the potential
of nematode biological control agents.

Among Fusarium species, Fusarium solani
(Mart) Appel & Wollenw. Emend. Snyd. & Hans
has a world-wide distribution in the soil and is one
of the most destructive plant pathogens, attacking
hundreds of hosts on which it chiefly causes root
and fruit rots (Domsch et al., 1980). Some nemato-
logical investigations have examined the toxic com-
pounds produced by Fusarium spp. and their ef-
fects on many plant-parasitic and saprophytic nem-
atodes at various stages of their life cycle (Krizko-
va et al., 1979; Mani and Sethi, 1984). Ciancio et
al. (1988) reported that moniliformin, fusarenone
and neosolaniol reduced egg hatching in M. inco-

gnita. Toxins released by Fusarium spp. may well
play a key role in inhibiting plant-parasitic nema-
tode population in the field, when a new crop is
rotated to a soil infected with Fusarium from a
previous crop.

The present paper examines the effect of F.
solani application levels and Meloidogyne javani-
ca density on fungal root colonization by F. solani,
root invasion by nematode juveniles, and the sub-
sequent infection and growth of the tomato host.
The effect of the moisture regime and of a natural-
ly occurring plant volatile, benzaldehyde, on the
effectiveness of F. solani against root-knot nema-
todes and on the endophytic colonization of toma-
to roots was also investigated.

Materials and methods

The soil used for the experiment was a sandy-
loam (sand:silt:clay, 70:19:11) with pH 8.1 and a
maximum water holding capacity of 38%, obtained
from the experimental field located near the De-
partment of Botany, University of Karachi. The soil
was sterilized by autoclaving and placed in 21-cm-
diam. plastic pots (2 kg pot-1). Fusarium solani
strain Fs5 was cultured on potato dextrose agar
(PDA) for a week at 27°C. This strain, originally
isolated from a M. javanica female, produces sig-
nificant suppression of root-knot nematodes under
both greenhouse and field conditions (Amer-Zareen
et al., 2001). Inoculum of the fungus was prepared
by scraping the fungus from the surface of the
medium with a sterilized bent glass rod after add-
ing 10 ml sterilized distilled water. Four experi-
ments were carried out under greenhouse condi-
tions to determine the degree to which F. solani
controlled M. javanica, and how a number of fac-
tors affected fungus effectiveness.

Effect of F. solani on population densities of M.
javanica

The first test explored the effectiveness of F.
solani with various population densities of M. java-
nica. The experimental design was planned as 5�2
factorial, with 5 population densities (0, 500, 1000,
2000 and 4000 J2 plant-1) of M. javanica and 2 in-
oculum levels (0 and 107 cfu ml-1) of F. solani. The
potted soil was removed to a depth of 3 cm and
each pot was drenched with 35 ml conidial suspen-
sion of the F. solani strain containing 1.8�107 cfu
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ml-1. Soil drenched with 35 ml sterile distilled wa-
ter served as a control. After drenching, the removed
soil was returned to the pots and 2–3-week-old to-
mato plants cv. Sun 6002 (PVP) previously grown
in sterile soil were planted. One week after seed-
ling transplantation, M. javanica juveniles (less
than 4 days old and contained in 10 ml water) were
added to the soil by pipetting with 10 ml water to
give concentrations of 0, 500, 1000, 2000 and 4000
juveniles per plant. Each treatment was replicated
four times and the pots were kept in a randomized
complete block design on the greenhouse bench.

The experiment was terminated 6 weeks after
nematode inoculation, at which time plant growth
parameters such as plant height, root length and
f wt of shoots and roots were recorded. The galls
produced by M. javanica on the root system were
counted under low magnification (�6). The root
system was divided into two equal portions and
kept in a refrigerator prior to use. To determine
whether nematode invasion had occurred, one of
the portions was blotted dry, reweighed, wrapped
in muslin cloth and dipped for 3–4 minutes in boiled
0.25% fuchsin acid with lactic acid. The roots were
then washed in running tap water to remove ex-
cess stain and cooled in vials containing 1:1
glycerol:water with a few drops of lactic acid. The
roots were macerated in an electric grinder for 45
seconds. The macerate was suspended in 100 ml
water, and invaded females of M. javanica were
counted in 5 samples of 5 ml each with the aid of a
low-power microscope (�6). To determine fungal
parasitism, two egg-masses per replicate were ran-
domly selected. Each egg-mass was crushed in a
drop of 0.01% sodium hypochlorite solution to dis-
solve the gelatinous matrix. Eggs were washed
three times in distilled water and dispersed in 3
ml water, and 0.5 ml of each suspension was plat-
ed on 0.8% water agar. The dishes were incubated
at room temperature (27±3°C). After 3 days 100–
200 eggs on each dish were examined for growth of
fungal hyphae from the eggs. Additionally, ten
hand-picked females were surface-sterilized with
0.5% Ca(OCl)2, washed thoroughly and plated on
0.8% water agar to detect parasitism.

To assess root colonization by F. solani, 5-mm-
long root pieces (five pieces per plate) from one of
the remaining sample portion, after surface disin-
festation with 1% Ca(OCl)2 for three minutes, were
placed on PDA (Difco, Detroit, MI, USA) supple-

mented with penicillin (0.1 g l-1) and streptomycin
sulphate (0.2 g l-1). After incubation at 28°C for 5
days, the colonization percentage was estimated
as follows:
                               No. of root pieces colonized by F. solani
Colonization (%)=                                                                � 100

                                             
Total No. of root pieces)

Interaction between various application rates of F.
solani and population densities of M. javanica

The second experiment was almost identical to
the first with some slight modifications in the treat-
ments and the design. The experimental design was
a 4�4 factorial with four replications. The factors
included 4 population densities (0, 1000, 2000 and
4000 J2 plant-1) of M. javanica and 4 inoculum lev-
els (0, 105, 106 and 107 cfu ml-1) of F. solani. Both
pathogens were introduced into the soil as de-
scribed above. The experiment was terminated 6
weeks after nematode inoculation, at which time
growth and disease parameters were measured as
described above. Fungal colonization of the roots
and parasitism rates of M. javanica females and
eggs were also calculated. This experiment was
repeated once.

Effect of moisture levels on the effectiveness of
F. solani against M. javanica

A third experiment examined how soil moisture
levels affected the efficacy of F. solani in root-knot
nematode suppression. The experimental design
here was a 3�2�2 factorial with two seedlings ar-
ranged in randomized blocks. The factors were
three moisture levels (25, 50 and 75% of soil mois-
ture holding capacity, MHC), absence or presence
of F. solani, and absence or presence of nematodes.
The seedlings were transplanted to 8-cm-diam.
plastic pots containing 350 g sterilized soil each
(two seedlings per pot). The soil of each pot was
drenched with a 20-ml conidial suspension of Fs5
(1.7�107 cfu ml-1) and kept separately at one of the
three moisture levels. The weight of the moisture
in the soil at maximum water holding capacity was
determined and the three maximum water hold-
ing capacity percentages (25, 50 and 75%) were
calculated accordingly. The pots were weighed pe-
riodically and requisite amounts of water added to
keep the moisture levels constant. In another, sim-
ilar set of pots, one week after transplanting, seed-
lings were inoculated with 2000 freshly hatched
M. javanica juveniles. A third set of pots was treat-
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ed in the same way with M. javanica, but these
pots did not receive any fungal inoculum. Soil treat-
ed with 25 ml of distilled water without fungus or
nematodes, and kept at 25%, 50% or 75% MHC,
served as a control. Treatments were replicated
three times in the first experiment, and four times
in the repeated experiment. The plants were up-
rooted 6 weeks after nematode inoculation and at
that time plant growth, root-knot infection, fungal
colonization of the root and eggs, and extent of
parasitism of the females were determined.

The influence of benzaldehyde on the effectiveness
of F. solani against M. javanica

A fourth experiment examined the effect of ben-
zaldehyde on the efficacy of F. solani in suppress-
ing root-knot nematodes. The experimental design
was a 3�2�2 factorial with five replications, each
with two plants arranged in randomized complete
blocks. The factors included three levels of benzal-
dehyde (0, 2, or 4 µg g-1), absence or presence of F.
solani, and presence or absence of nematodes. To-
mato seedlings were transplanted to 8-cm-diam.
plastic pots each containing 350 g soil. The soil of
each pot was drenched with 20-ml of a conidial
suspension of Fs5 (1.7�107 cfu ml-1). The pots were
randomized on the greenhouse bench. Six weeks
after nematode inoculation, plants were uprooted
and plant growth, disease incidence by the nema-
todes, fungal colonization of the roots and parasit-
ism of eggs and females of M. javanica were deter-
mined as described above.

Statistical analyses

The results were analyzed with factorial analy-
sis of variance (FANOVA) employing the STATIS-
TICA 5.0 package (1995, StatSoft Inc. Tulsa, OK,
USA). Treatment means were compared using least
significant differences. In case of repeated experi-
ments the homogeneity of the variances was test-
ed with Bartlett’s test. Since no variances between
repeated experiments were detected, the analysis
was performed on the pooled data.

Results

Effect of F. solani on population densities of M.
javanica

Inoculation of tomato seedlings with F. solani
resulted in a significant (P<0.001) reduction in the

number of galls and in the extent of nematode in-
vasion (Table 1). The fungus survived inside the
host and was frequently isolated from surface-ster-
ilized root tissue. It was not isolated from the root
tissue of tomato plants grown as controls. At in-
creasing nematode densities, fungal colonization
of the root tissue increased. The fungus was also
found in M. javanica eggs and females. Increasing
nematode density resulted in increased parasitism
of the eggs and females by the fungus. In the ab-
sence of root-knot nematodes and at 1000 juveniles,
per plant, F. solani inoculum increased plant height
(P<0.05). Fungus application with 500 or 1000 ju-
veniles enhanced root length and fresh weight of
shoots (P<0.05). The highest root fresh weight was
recorded when 4000 juveniles per plant were add-
ed without F. solani.

Interaction between various application rates of F.
solani and population densities of M. javanica

In general, increasing fungal inoculum led to
a progressive decrease (P<0.001) in the number
of galls and to a reduced nematode invasion at all
nematode densities (Table 2). F. solani applied at
107 cfu ml-1 in the presence of 2000 juveniles/plant
of M. javanica caused the greatest reduction
(>38%) in galling intensity. The degree to which
F. solani colonized the inner root tissues increased
when both fungal and nematode densities in-
creased. F. solani parasitized both eggs and fe-
males of M. javanica. Fungal parasitism increased
with increasing nematode and fungal population
levels. F. solani at 107 cfu ml-1 applied in combi-
nation with 1000 M. javanica juveniles/plant gave
the maximum (P<0.05) plant height and shoot f wt.
However, root length was greatest following ap-
plication with F. solani at 107 cfu ml-1 in the
presence of 1000 M. javanica juveniles plant-1.
Plants inoculated with 4000 juveniles of M. java-
nica and without the fungus had the greatest root
f wt.

The effect of moisture level on the effectiveness of F.
solani against M. javanica

Application of F. solani reduced galling rates
at all moisture levels (P<0.05) (Table 3) but the
reduction was greatest at 50% MHC. Nematode
invasion increased with increasing moisture lev-
els in both F. solani-treated and untreated plants.
However, at all moisture levels, M. javanica den-
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Table 2. Effect of various inoculum levels of Fusarium solani strain Fs5 on various population densities of Meloido-
gyne javanica on tomato, as shown by development of root-knot infection, M. javanica invasion, root colonization by
F. solani, female and egg parasitism of M. javanica by the fungus, and growth of tomato plants.

Galls/ Nematode F. solani  Fungal parasitism % Plant Shoot Root Root
Treatment  root population height weight length weight

system (�g root) colonization Female Egg (cm) (g) (cm) (g)

M. javanica (MJ) 0 0 0 0 0 0 22.4 2.6 15.5 1.7
MJ 1000 33 42 0 0 0 23.6 2.1 17.9 1.9
MJ 2000 68 100 0 0 0 21.2 2.5 15.1 2.1
MJ 4000 114 172 0 0 0 17.4 1.9 13.0 3.5

MJ 0 + Fs5 (106) 0 0 10 0 0 23.0 2.4 15.8 2.2
MJ 1000 + Fs5 (106) 24 27 19 8 2 23.7 2.6 16.2 1.9
MJ 2000 + Fs5 (106) 63 80 27 17 3 20.8 3.2 15.6 2.9
MJ 4000 + Fs5 (106) 116 157 19 10 7 18.0 3.2 11.4 3.1

MJ 0 + Fs5 (107) 0 0 21 0 0 24.3 2.3 16.2 2.8
MJ 1000 + Fs5 (107) 27 24 35 22 16 25.0 3.8 18.1 2.1
MJ 2000 + Fs5 (107) 42 66 27 18 18 23.3 2.9 17.4 2.5
MJ 4000 + Fs5 (107) 98 141 38 24 16 18.0 2.7 13.5 2.9

MJ 0 + Fs5 (108) 0 0 36 0 0 24.7 2.6 15.2 2.4
MJ 1000 + Fs5 (108) 15 27 40 32 26 23.5 2.8 15.7 1.9
MJ 2000 + Fs5 (108) 46 57 52 30 21 22.9 3.6 14.3 1.9
MJ 4000 + Fs5 (108) 93 137 52 30 27 18.4 2.7 12.7 2.7
aLSD 0.05

Nematode 3.6 5.6 6.2 3.3 1.9 0.8 0.3 1.1 0.3
F. solani 3.6 5.6 6.2 3.3 1.9 0.8 0.3 1.1 0.3

a ANOVA included two factors.

Table 1. Effect of Fusarium solani strain Fs5 on various population densities of Meloidogyne javanica on tomato, as
shown by development of root-knot infection, M. javanica invasion, root colonization by F. solani, female and egg
parasitism of M. javanica by the fungus, and growth of tomato plants.

Galls/ Nematode F. solani  Fungal parasitism % Plant Shoot Root Root
Treatment  root population height weight length weight

system (�g root) colonization Female Egg (cm) (g) (cm) (g)

M. javanica (MJ) 0 0 0 0 0 0 23.5 6.5 14.7 3.3
MJ 500 25 34 0 0 0 26.4 6.1 16.6 2.7
MJ 1000 37 50 0 0 0 25.3 5.4 16.3 3.5
MJ 2000 83 97 0 0 0 22.0 5.5 16.0 4.8
MJ 4000 123 161 0 0 0 20.7 4.3 14.6 5.5
MJ 0 + Fs5 0 0 17 0 0 29.6 6.9 21.0 3.5
MJ 500 + Fs5 15 29 37 5 0 26.7 7.7 18.6 3.4
MJ 1000 + Fs5 21 39 46 18 3 28.4 8.7 17.0 3.6
MJ 2000 + Fs5 59 94 46 23 14 23.1 5.1 17.0 2.0
MJ 4000 + Fs5 97 123 62 23 20 21.1 5.3 16.5 4.7

LSD 0.05

Nematode 14 15 - - - 2.8 1.3 1.9 1.2
F. solani 9 11 30a 2.2a 1.1a 1.8 0.8 1.2 0.7

a One-way analysis was performed.
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sities were lower when the soil was treated with
F. solani. Both root colonization of F. solani and
parasitism of females were greatest at 50% MHC.
At all moisture regimes, root colonization by F.
solani increased when M. javanica was added to
the soil. By contrast, egg parasitism by F. solani
was greatest at a soil moisture of 75% MHC. In
general, plant height and shoot weight were re-
duced (P<0.05) by M. javanica infestation, but
both these reductions were more than offset by F.
solani. Root weight was greater (P<0.05) in soils
containing both M. javanica and F. solani than in
uninoculated soils or soils at 75% MHC treated
with F. solani.

The influence of benzaldehyde on the effectiveness
of F. solani against M. javanica

With increasing concentrations of benzaldehyde
in the soil, nematode penetration and subsequent
root-knot development were significantly (P<0.05)
reduced (Table 4). A high level of benzaldehyde,
such as 4 µg g-1 of soil with or without F. solani

was more effective in suppressing root-knot nema-
tode than benzaldehyde at only 2 µg g-1 of soil, or
than the benzaldehyde-untreated controls. Benzal-
dehyde at both concentrations in combination with
F. solani suppressed the root-knot nematode more
strongly than either component alone. Fungal col-
onization of the root tissues of tomato increased
(P<0.05) in the presence of the nematode. When
benzaldehyde concentrations were increased, root
colonization by F. solani was reduced in the ab-
sence of the nematode. Endophytic colonization by
F. solani was greatest in soil treated with benzal-
dehyde at 2 µg g-1 in the presence of M. javanica.
The highest benzaldehyde concentration increased
the parasitism rate of F. solani on M. javanica fe-
males. In plants not treated with either M. javani-
ca or F. solani, higher levels of benzaldehyde in-
creased plant height and shoot fresh weight. F.
solani led to better plant growth when applied in
combination with benzaldehyde at 2 µg g-1 of soil
than when applied with benzaldehyde at 4 µg g-1

of soil.

Table 3. Effect of Fusarium solani strain Fs5 at various soil-moisture levels on Meloidogyne javanica on tomato, as
shown by the development of root-knot infection, M. javanica invasion, root colonization by F. solani, female and egg
parasitism by the fungus, and growth of tomato plants.

Galls/ Nematode F. solani   Fungal parasitism % Plant Shoot Root
Treatment  root population colonization height weight weight

system (�g root) Female Egg (cm) (g) (g)

Control + 25% MHC (A) 0 0 0 0 0 10.8 0.9 0.7
A + M. javanica 65 106 0 0 0 10.4 1.0 1.0
A + F. solani 0 0 26 0 0 11.7 1.4 0.8
A + M. javanica + F. solani 49 76 36 26 18 12.5 1.6 0.7

Control + 50% MHC (B) 0 0 0 0 0 11.2 1.0 0.8
B + M. javanica 79 132 0 0 0 11.8 1.3 1.1
B + F. solani 0 0 45 0 0 13.9 1.7 1.0
B + M. javanica + F. solani 41 95 52 29 17 13.6 1.7 1.2

Control + 75% MHC (C) 0 0 0 0 0 11.8 1.3 0.7
C + M. javanica 76 148 0 0 0 11.5 0.8 1.1
C + F. solani 0 0 37 0 0 13.4 1.7 0.8
C + M. javanica + F. solani 53 108 42 20 19 14.1 1.8 1.3

LSD 0.05

Moisture 16 25 9a 6b 4b 1.4 0.7 0.5
Nematode 14 21 8 - - 1.1 0.6 0.4
Fungus 14 21 - - - 1.1 0.6 0.4

a ANOVA included two factors.
b One-way analysis was carried out.
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Discussion

In the greenhouse tests, F. solani strain Fs5
parasitized eggs and females of M. javanica and
thereby reduced root gall intensity. In a previous
study, it was found that this strain of F. solani se-
creted thermostable toxins of a polar nature which
caused heavy mortality of the juveniles of M. java-
nica, parasitized nematode eggs and females both
in vitro and in greenhouse conditions, and protect-
ed tomato roots from nematode damage (Amer-
Zareen et al., 2001). Fusarium species are consid-
ered to be facultative saprotrophs (sensu Garrett,
1956) that colonize both living and dead eggs. F.
solani invades and destroys the plant cells on which
nematodes feed (Fattan and Webster, 1983; Mous-
sa and Hague, 1988). After nematode death, the
fungus can be isolated from the dead females. Te-
breiz and Husain (1986) reported a reduction in
galls due to parasitism of M. javanica eggs and
juveniles by F. solani. Similarly, Meloidogyne in-
cognita reproduction in F. oxysporum-colonized to-
mato plants was 50% less than in plants that were

F. oxysporum-free (Hallmann and Sikora, 1994).
Besides the effect due to parasitism, a direct effect
of F. solani toxins on root-knot nematodes cannot
be ruled out (Amer-Zareen et al., 2001).

F. solani was frequently isolated from the root
tissues of tomato seedlings but did not cause any
harm to the plant. Fusarium spp. are pathogens
and endophytes of crop plants (Bacon and Hinton,
1996) and produce a variety of field mycotoxins,
some of which are harmful to plants while others
are not (Abbas and Mirocha, 1988; Bacon and Hin-
ton, 1996; May et al., 2000). The strain of F. solani
used here (Fs5) was originally isolated from a fe-
male of M. javanica. The pathogenicity of the
Fusarium species is restricted to their original host
nematode (Owen, 1956). The use of endophytes for
the management of plant-parasitic nematodes is a
relatively new approach. Endophytes colonize the
same root tissues as sedentary plant-parasitic nem-
atodes. The fact that the endophytic F. solani is
associated with nematodes throughout the nema-
tode life-cycle makes this fungus a likely candidate
for biocontrol strategies.

Table 4. Effect of Fusarium solani strain Fs5 at various concentrations of benzaldehyde on Meloidogyne  javanica on
tomato, as shown by development of root-knot infection, M. javanica invasion, root colonization by F. solani, female
and egg parasitism by the fungus, and growth of tomato plants.

Galls/ Nematode F. solani   Fungal parasitism % Plant Shoot Root
Treatment  root population colonization height weight weight

system (�g root) Female Egg (cm) (g) (g)

Control + benzaldehyde 0 µg g-1 (A) 0 0 0 0 0 11.9 1.0 0.7
A + M. javanica 85 137 0 0 0 11.2 1.0 1.0
A + F. solani 0 0 39 0 0 13.5 1.4 0.8
A + M. javanica + F. solani 51 96 35 16 24 13.9 1.5 0.8

Control + benzaldehyde 2 µg g-1 (B) 0 0 0 0 0 12.7 1.4 1.1
B + M. javanica 72 118 0 0 0 11.9 1.2 0.9
B + F. solani 0 0 36 0 0 14.2 1.5 1.0
B + M. javanica + F. solani 54 83 42 19 23 14.4 1.5 1.1

Control + benzaldehyde 4 µg g-1 (C) 0 0 0 0 0 13.2 1.4 1.2
C + M. javanica 61 93 0 0 0 13.2 1.2 1.1
C + F. solani 0 0 28 0 0 14.1 1.4 1.1
C + M. javanica + F. solani 47 74 38 17 14 13.8 1.5 1.0

LSD 0.05

Benzaldehyde 14 17 9a 2b 5b 1.8 0.4 0.3
Nematode 12 14 7 - - 1.5 0.3 0.2
Fungus 12 14 - - - 1.5 0.3 0.2

a ANOVA included two factors.
b One-way analysis was carried out.
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An important aspect of the ecology of soilborne
fungi is their ability to survive under adverse con-
ditions such as extreme temperatures and soil-
moisture levels. F. solani in the present study was
more effective against root-knot nematodes and it
colonized root tissues better in soil at 50% MHC
than at 25 or 75%. Egg parasitism by the fungus
was greatest in soil at 75% MHC. Nigh et al. (1980)
reported that temperature and moisture affected
parasitism of Heterodera schachtii eggs by fungal
parasites including Acremonium strictum and F.
oxysporum. In dry soil, F. oxysporum was much
more effective than A. strictum. Recently we found
that biocontrol and growth of the rhizobacterium
Pseudomonas aeruginosa were increased when a
50 or 75% MHC was maintained, whereas at 25%
MHC they were reduced (Siddiqui and Ehtesham-
ul-Haque, 2001). In the same study, F. solani colo-
nized tomato roots with greater frequency in soil
at 75% MHC than in soil at 25 or 50% MHC. Heck-
enberg and Sikora (1994) reported a significant
reduction in Globodera pallida infection with Agro-
bacterium radiobacter when soil moisture was be-
tween 60 and 90% of field capacity. When mois-
ture levels were held at 30% of field capacity, nem-
atode invasion was still reduced, but not signifi-
cantly.

In the present study, F. solani and benzaldehyde
together produced a greater reduction of M. java-
nica population densities and subsequent root-knot
infection than when either was applied alone. Al-
though the extent to which F. solani parasitized
M. javanica eggs was reduced by the combined
application of fungus and a high level of benzalde-
hyde, its ability to infect M. javanica females and
its endophytic colonization were not affected. Un-
der conditions of low to moderate nematode infes-
tation, Meloidogyne species lay their eggs on the
roots, most of which are exposed to the rhizosphere.
This is where the interaction between the eggs and
their parasites occurs. High levels of benzaldehyde
in the soil may affect the viability and growth of
the antagonist in the rhizosphere, reducing the
amount of interaction between the eggs and the
fungus. The present study shows that for best prac-
tical results levels of benzaldehyde greater than 4
µg g-1 should be avoided. Even so, however, benzal-
dehyde at dosages greater than 4 µg g-1 may pro-
vide substantial control of other soil-borne fungal
pathogens; in this study it was found to suppress

significantly the soil-borne root-infecting fungi
Macrophomina phaseolina, Fusarium solani and
Rhizoctonia solani in mungbean (Siddiqui and
Shaukat, unpublished data). By using natural fu-
migants that inhibit pathogens and promote an-
tagonists, a favourable environment could be cre-
ated in the soil favouring antagonists with result-
ant disease control. Canullo et al., (1992) found that
repeated treatment of soil with furfuraldehyde sig-
nificantly increased populations of a Trichoderma
species and bacteria. Benzaldehyde is a desirable
alternative to chemical pesticides since it is inex-
pensive, biodegradable, and its eventual break-
down products (CO2 and H2O) are harmless to hu-
mans and the environment.

Besides abiotic factors such as temperature and
moisture, the ability of F. solani to parasitize M.
javanica eggs and females and its endophytic colo-
nization potential seem to be dependent on two
factors: a) the initial size of the fungal inoculum,
which presumably affects the chances of its para-
sitism on nematodes, and b) the stimulus that the
roots give to the fungus to grow. Leij and Kerry
(1991) found that Pochonia chlamydosporia (Verti-
cillium chlamydosporium), a facultative parasite
of cyst and root-knot nematode, colonized exten-
sively galled tissues more often than healthy roots.
They suggested that rhizosphere colonization by
the fungus could be related to the density of the
nematodes in the roots. Hewlett et al., (1988) also
reported that Paecilomyces lilacinus was more fre-
quent in the galls, and they stressed the impor-
tance of the root system in determining how far
the fungus would spread. Presumably, infected root
tissue leaks a greater amount of nutrients into the
rhizosphere than do healthy root tissues. Howev-
er, on susceptible crops like tomato, the gall size
induced by Meloidogyne spp. at certain sites in the
root is proportional to the number of nematodes
developing in these sites (Dropkin, 1954). At high
nematode densities large galls are induced and a
significant proportion of the egg-masses may stay
embedded in the gall tissues. Since Pochonia
chlamydosporia is a rhizosphere colonist which does
not invade the root tissues, it does not attack the
egg masses inside the large galls (Leij et al., 1992).
F. solani on the other hand is an inner root coloniz-
er that also attacks egg masses inside the galls.
Therefore this fungus is expected to be more effec-
tive in situations of heavy nematode infestation.
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The banning of chemical pesticides, including
methyl bromide, as pre-plant treatments for hor-
ticultural crops in the year 2005 will cause major
problems in the cultivation of tomatoes and other
vegetables. Endophytes such as non-pathogenic F.
solani, alone or in combination with compatible
dosages of natural plant-derived volatile com-
pounds, may offer a solution to this problem.
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