The African Journal of Plant Science and Biotechnology ©2011 Global Science Books

B

Fungi and their Use in the
Possible Control of Nematodes in Botswana Soils

Tabo Mubyana-John" - Mareledi G. Wright

Department of Biological Sciences, Univ. of Botswana, P/B 0022, Gaborone, Botswana

Corresponding author: * mubyanat@mopipi.ub.bw

ABSTRACT

A study assessing fungi isolated from three climatic regions of Botswana as a possible control for root knot nematodes (Meloidogyne spp.)
affecting the tomato (Lycopersicon esculentum L. var. ‘Money maker’) crops was conducted. Out of 1,250 soil fungal isolates, only 232
soil fungi from the Okavango Delta, Bobirwa district and different saltpans in Botswana could be sub cultured, and screened for
antagonism against Meloidogyne sp. Seven of the isolates i.e., Trichoderma sp., Penicillium sp., Dendriphiopsis sp., Fusarium chlamydo-
sporium, Cochliobolus sativus, Aspergillus fumigatus and an unidentified sterile fungus showed potential to immobilize nematode
juveniles on agar plates within 2-4 days. C. sativus and Dendriphiopsis sp. showed maximum paralysis on agar plates and eventually
death of the Meloidogyne sp. juveniles. In greenhouse studies using tomato plants the fungi alleviated the effect of nematodes by
increasing plant, shoot height and root weight as compared to the reference controls. Cochliobolus sativus and Trichoderma sp. showed
maximum plant protection of tomato plants under greenhouse conditions. Fungi ability to produce cellulase and chitinase were some of
the mechanisms studied. The results indicated that Trichoderma sp., Penicillium sp., Dendriphiopsis sp., Fusarium chlamydosporium,
Cochliobolus sativus, and Aspergillus fumigatus are nematode antagonistic fungi indigenous to Botswana that can be used to control

nematodes as they are better adapted in comparison to introduced fungi.
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INTRODUCTION

Plant parasitic nematodes can cause significant plant
damage, ranging from negligible injury to total destruction
of the plant material (Sharma et al. 1997). Economic losses
of crops up to 40 to 50% or even more can occur due to the
most damaging nematodes (Magbool and Kerry 1997). As
nematodes often do not provide clear symptoms, their eco-
nomic effects tend to be underestimated by growers. Losses
and damage due to nematodes is more extreme in the rain
season, with members of the Solanaceae family such as
potatoes and tomatoes being more susceptible. Botswana,
being semi arid, grows commercial Solanaceous crops in
greenhouses throughout the year. Physiological disorders
caused by nematodes are commonly observed in these crops
(Nilsson 1972). It was estimated that root knot nematodes
of the Meloidogyne spp. caused 20 to 50% loss in tomato
fields (Nilsson 1972). There are no recent documented fig-
ures on losses from root knot nematodes in Botswana;
although there is evidence that these plant parasites are a
nuisance to farmers.

So far Botswana has relied primarily on the use of the
highly effective fumigant, methyl bromide, to control root
knot nematodes (DMS 2003). However, methyl bromide
due to its poisonous nature and its being implicated in the
depletion of 5-10% of the ozone layer (MBTOC 1995; Bell
et al. 1998; Sikora 2002) implies it can no longer be used
(EPA 2003; Montzka et al. 2003; Mbao 2003; Saunders
2004). Antagonistic fungi are among the most important
potential biological control agents of plant parasitic nema-
todes (Taylor and Sasser 1980). Important antagonistic fun-
gi genera against parasitic nematodes include Paecilomyces,
Verticillium, Hirsutella, Nematophthora and Arthrobotrys
species (Sikora 2002). Some of these fungi are being pro-
duced and used effectively in the control of root knot nema-
todes worldwide. Paecilomyces lilacinus Strain 251 is the

active ingredient of ‘P/ Plus’, a biological control product
that is currently marketed in South Africa. ‘P/ Plus’ has
been tested in Botswana and undocumented findings from
farmers indicate that so far the results are very poor. In most
cases, the fungi failed to colonise the roots and survive in
the introduced soils (Koosaletse 2001). One of the major
obstacles in using introduced alien soil microorganisms for
biological control purposes is the difficulty of establishing
efficacy of the organism in the existing soil ecosystem (Car-
lile et al. 2001).

Fungi modes of action in nematode control vary from
formation of loops to biochemical effects, such as the
release of extracellular nematicidal metabolites (Segers et al.
1996; Barron 2003; Abubakar et al. 2004) and enzymes,
which degrade the host cuticle. Some fungi are cellulolytic
or ligno-cellulolytic and attack nematodes as sources of nit-
rogen to supplement a primarily carbohydrate diet (Barron
2003). Others release chitinases, which are involved in host
infection since they can be localized on infection structures
(Chet et al. 1997; Manocha and Zhonghua 1997; Schickler
et al. 1998). Botswana is a semi-arid country with very high
day temperatures in the hot season (> 40°C) and very low in
winter nights (< 0°C). The extreme temperatures are accom-
panied by very low soil moisture content (DMSR 2003).
Thus it is unlikely that introduced fungi may survive in the
harsh environment whereas the indigenous fungi would be
more adapted to these conditions. With this background, the
present study was undertaken to find out the nematopha-
gous fungi indigenous to Botswana soils and to determine
their mode of action to control root knot nematode in
tomato plants (Lycopersicon esculentum L. var. ‘Money
maker”) under greenhouse conditions.
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Fig. 1 Map of Botswana showing sampling sites. X1 Okavango Delta,
X2 Tshane, X3 Kang, X4 Sekoma and X5 Matlhabaneng. Adapted from
http://photonet/travel/africa/botswana/botswana-map.gif

MATERIALS AND METHODS
Site location and sampling

Virgin soils were obtained from the Boro route of the Okavango
Delta (23°-24°E and 19°-20°S), saltpans of Kang (22°E and
23°S), Tshane (21°E and 24°S) and Sekoma (23°E and 24°S) and
semi-arid region of Motlhabaneng in the Bobirwa District (28°E
and 22°S) (Fig. 1). These soils represented the three different
climatic regions of Botswana i.e., arid, semi arid and the inland
delta (Batisani and Yarnal 2010; Kayombo et al. 2010). The sam-
ples were collected from the A; horizon using a hand spade and
stored in separate ziplock sterile bags (Nasco-Pak, Whirl Park,
USA) and transported to the laboratory where they were kept at
4°C until the isolations.

Isolation

Fungi were isolated using the dilution plate method on malt extract
agar [MEA (Oxoid Ltd. Basingstoke, Hampshire, England)] and
potato dextrose agar [PDA (Oxoid Ltd. Basingstoke, Hampshire,
England)] amended with 0.3 g/l streptomycin sulphate to inhibit
bacteria. The plates were incubated at 25°C for 4-7 days to allow
for fungal colony development. The obtained colonies were puri-
fied by sub-culturing them on fresh MEA and PDA media for
sporulation which was deemed essential for identification. Non
sporulating fungi were induced by growing them on water agar
supplemented with carnation leaves and incubating the plates
under ultra-violet light (short wave length-340 nm) at 25°C until
the fungi sporulated (Fisher et al. 1982; Kirk et al. 2001). When
induction of sporulation was not successful, isolates were recorded
as ‘sterile mycelia and unidentifiable. Identification of fungi was
based on visible macroscopic colonies and microscopic reproduc-
tive features (Carmichael ef al. 1980; Sutton 1980; Hanlin 1992;
Domsch et al. 1993; Klich 2002).

Isolation of root knot nematodes (Meloidogyne
spp.)

Tomato roots with galls symptomatic of root knot were collected
from a farm in Gaborone, Botswana (Fig. 1) placed in plastic bags
and transported to the laboratory. Nematode juveniles of Meloi-
dogyne sp. were isolated from the infected roots using modified
standard methods (Hooper 1986; Ingham 1994). The galled tomato
roots were washed thoroughly with tap water to remove excess
soil, surface sterilized with 3% sodium hypochloride (NaOCl), and
then cut into 3-5 cm segments with a sterile scalpel and then
agitated in 1% NaOCI for 3 min to dislodge egg masses (Ingham
1994). The sections were then immersed in 10 ml sterile tap water
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in 90 mm sterile Petri dishes and incubated at 25°C in the dark for
24 hrs.

After incubation, nematode juveniles were harvested by
removing the root segments out of the Petri dishes leaving a water
suspension containing nematode juveniles. The segments were re-
incubated in sterile water and harvesting was done until no further
juveniles could be obtained. The isolated root knot nematodes
were identified under a microscope (Zeiss, Germany GSZ) to the
genus level with temporary wet mounts (Jepson 1987). The num-
ber of eggs and juveniles in the suspension was determined by
dilution using counting chambers.

Screening of fungi for nematode antagonism

Fungal-nematode interaction studies were carried out using stan-
dard procedures (Rosenzweig and Pramer 1980; Tzean and Liou
1993). A mycelial disc was cut from the edge of a growing fungal
colony using a sterile scalpel and transferred onto cornmeal agar in
90-mm Petri dishes. Two replicates for each fungal isolate were
made. The inoculated agar plates were then incubated at 25°C in
the dark. After 5 days of incubation, a few drops of the nematode
suspension containing approximately 3 x 10° infective Meloido-
gyne stages (eggs and juveniles) were placed near the edges of the
growing colony of each isolated fungus and reincubated at 25°C in
the dark. The first microscopic observation was made 15 min after
incubation, followed by sequential observations every 2 hrs for 4
days, from 0700—1900 hrs daily.

To evaluate the parasitic ability of the test fungi on nematodes,
each plate was scored with a minus (-) for no visible effect or a
series of pluses (+) for a positive visible effect. Visible effect in
this case was the presence of dead or paralysed nematode juveniles
on the plate. The percentage larval immobilization or paralysis
was calculated by the following formula: (number of immobilized
juveniles) x 100 / total number of inoculated juveniles. Only those
fungi, which showed the ability to negatively affect nematodes,
were further studied in green house experiments.

Fungal-nematode interactions on slide cultures

The materials required for slide cultures studies were sterilized by
autoclaving at 121°C for 15 min. A sterile moist filter paper was
aseptically lined on the base of a sterile 90-mm Petri dish followed
by a cavity slide suspended on a V-shaped glass rod. A few drops
of sterile molten cornmeal agar (CMA) were added onto the slide
in a Petri dish and left to set. Using a sterile scalpel blade and
needle, a germinating spore or hyphal tip of the test fungus was
transferred onto the solidified agar and incubated at 25°C for 24-
48 hrs to allow the fungus to grow. After incubation, using aseptic
techniques, a drop of nematode suspension was applied to the
centre of a sterile microscope cover slip. The cover slip carrying
nematode inoculum was then inverted onto the cavity slide bearing
the test fungus, ensuring that the nematode suspension drop hung
from the cover slip onto the fungal colony. The control slide con-
sisted of fungi with a drop of sterile tap water, without the nema-
todes. The plates containing the fungi were then covered and incu-
bated at 25°C for 24-48 hrs to allow the test fungi to interact with
the nematodes. The fungi-nematode interactions were monitored
on the slides daily from 0700 hrs till 1900 hrs at 30-min intervals.
A compound light microscope (Zeiss GSZ, Germany) mounted
with an axio-camera was used to observe the interactions at x40
and x100 magnifications paying special attention to nematode
juveniles and eggs behaviour.

Study of the fungal modes of action
1. Determination of fungal cellulase activity

Some nematode-trapping fungi have been reported to be cellulo-
lytic or ligno-cellulolytic; others release chitinases which play a
role in host infection (Chet et al. 1997; Manocha and Zhonghua
1997). Hence in this study, the antagonistic fungal isolates were
assayed for the production of cellulose and chitin degrading en-
zymes.

Glucose is a product of cellulose activity and the amount of
glucose produced in carboxymethylcellulose (CMC) medium is
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assumed to be directly proportional to the amount of enzyme pro-
duced (Koning ef al. 2002). A 1 cm?® disc carrying fungal mycelia
was cut from the edge of a growing colony using a sterile blade
and transferred onto CMC agar (Kéning et al. 2002). The inocu-
lated plates were then incubated at 25°C for 5 days to establish
fungal growth and exhaust all the stored sugars. One millilitre was
then used to inoculate fresh CMC in 250 ml Erlenmeyer flasks.
The inoculated media were then placed on an orbital shaker at 150
rpm at 25°C for 10 days. The samples were then centrifuged and
the filtrate amended with 0.6% sterile (autoclaved at 121°C for 15
min) Tween 80 solution (Gashe 1992). The amount of glucose pro-
duced was determined using a spectrophotometer (Spectronic
20D+, ThermoSpectronic) by reading at 540 nm. Glucose was
used as standard.

2. Determination of chitinolytic activity

Chitinolytic activity of the nematode antagonistic fungi was
detected on agar plates following the method proposed by Chernin
et al. (1998) and Tikhonov et al. (2002). Fungi discs of approxi-
mately 1 cm® were inoculated on to chitin agar (0.5 g chitin, 1.2 g
MgSO,, 0.5 g K,HPO,, 1.0 g KCI, 15.0 g bacteriological agar,
0.01 g FeSO47H,0, 0.001 g ZnSO,4 and 0.001 g MnCl, in 1 1dis-
tilled water (Hsu and Lockwood 1975). The medium contains
chitin as the sole carbon source thus assumes only fungi capable of
degrading chitin grow on it. For each test fungus, two Petri dishes
were inoculated and incubated at 25°C for 7-10 days in the dark.
Any zone of clearance developed around growing fungal colonies
indicated the chitinolytic activity of the test fungi.

Greenhouse experiments

A greenhouse experiment was conducted to test the effect of the
isolated antagonistic fungi on root knot nematode in tomato plants
grown in vermiculite. The fungal inoculum was grown on solid
agar media and harvested as outlined by Katsantonis et al. (2003).
Each fungal preparation was then diluted with 2 1 sterile tap water
to make the standard fungal inoculum. For each test fungus, the
inoculum was divided equally among three 20 cm-diameter-pots
containing sterile vermiculite and mixed in thoroughly. A standard
colony plate count on PDA (Parkinson 1994) was used to estimate
the fungal inoculum population in the growth medium (vermicu-
lite).

The fungus-inoculated pots were left in the greenhouse (60—
70% RH and 27°C day/16°C night temperatures, 12/12 hr light/
day) for 10 days to allow the fungi to be established. After 10 days,
2-weeks-old tomato (L. esculentum L. var. ‘Money maker’) seed-
lings purchased from Sanitas Nurseries and Garden Centre (Pty)
Ltd. in Gaborone, Botswana were transplanted into the pots. Three
seedlings per pot and 3 replications per treatment were made.
Long Ashton nutrient solution (Hewitt 1966) was added to the pots
as nutrient solution at 20 ml/pot every 7 days.

Two weeks after transplanting, root knot nematodes were
introduced to 24 pots (21 inoculated with fungi and 3 uninocu-
lated). Approximately 3 x 10° mixture of eggs and Meloidogyne
juveniles, collected from the roots over 24 hrs and then used
within 2-3 days of collection were introduced into the four holes
(2-3 cm holes) made around each individual tomato seedling,
allowing the nematodes to migrate to the roots. The plants were
grown in the greenhouse for 60 days before they were assessed for
nematode damage, plant height, shoot fresh weight (FW) and dry
weight (DW), and root FW and DW. Moisture content of the ver-
miculite was maintained at 75% field capacity during the growing
period. The controls consisted of two groups i.e., tomato seedlings
grown in vermiculite with neither fungi nor nematodes; while the
other control consisted of plants grown in vermiculite inoculated
with nematodes.

Statistics

Analysis of variance (ANOVA) was performed using SPSS 11.0.
Duncan’s multiple range test was used for mean separation based
on fungi isolate and nematode inoculation. Plant parameters
assessed were plant height, shoot and root fresh weight and dry
weight (FW and DW).
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RESULTS
Nematode and fungi isolates

In all, initially there were 1,250 fungi that grew on the iso-
lation plates. Once isolated the fungi were purified by trans-
ferring to fresh agar medium. However, most of the fungi
especially those from the saltpans and Bobirwa districts
could not be grown upon transfer. Therefore out of all the
fungi isolated, only 232 fungi could be transferred, purified
and identified using the existing keys. These isolates bel-
onged to 28 different genera. Table 1 shows the most com-
mon and some of the rare fungal isolates and their origins.
Of all the isolates, 43.05% originated from the Okavango
delta region soils (along the Boro route), 29.15% from
Motlhabaneng in the Bobirwa District and 27.80% were
from the saltpans soil samples (Kang, Tshane and Sekoma).
The most common were Aspergillus and Penicillium spp.
isolates. There were many different species of Fusarium
isolated and of these, only one could not be identified to
species, and this species showed potential to immobilize
nematodes. Other isolates, like Cochliobolus sativus (Ito &
Kurib.) Drechs. ex Dastur (anamorph: Bipolaris sorokini-
ana [Sacc. in Sorok.] Shoem.) and Dendriphiopsis sp. fell
in between the most and least common species isolated.
There were only few Rhizopus and Trichoderma species.
Tentative identification was only done on the isolates which
showed a potential in nematode control after screening.

Screening on agar plates
Screening of all the fungi for nematicidal effect on corn-

meal agar (CMA) plates was based on their ability to im-
mobilize or paralyse nematode juveniles in vifro. Seven

Table 1 Common and rare soil fungi isolated from the Okavango Delta
region (OD), Bobirwa district (BD) and the saltpans (SP).

Fungi sp. Okavango Bobirwa Saltpans
Delta District

Common fungi
Aspergillus parasiticus v v v
Aspergillus fumigatus v v v
Aspergillus wentii v
Aspergillus sp.A v v
Aspergillus sp.B v v
Penicillium claviforme 4
Penicillium steckii v v v

Rare fungal species
Penicillium sp. v v
Phoma medicaginis v
Cochliobolus sativus v
Dendriphiopsis sp. v
Fusarium sp.A v
Rhizopus stolonifer v v
Trichoderma sp. v
Total isolates from site (%) 538(43.05) 365 (29.15) 347 (27.9)
Total identified isolates from site 120 24 88

Table 2 Effect of fungal isolates on Meloidogyne sp. juvenile mobility on

agar plates.
Treatments Fungal Immobilization levels during

source incubation

Day 2 Day 3 Day 4

Control - - -
A. fumigatus Bobirwa - ++ ++
C. sativus Okavango - ++ +++
Penicillium sp. Okavango - + ++
Trichoderma sp. Okavango + + ++
F. chlamydosporum Saltpan - + ++
Dendriphiopsis sp. Saltpan + ++ +++
Sterile mycelia Saltpan + + +

Each result is was derived from five replicates
-, +, ++, +++ represent 0-25 %; 26-50 %; 51-75 %; 76-100 % immobilized
Meloidogyne sp. juveniles respectively.
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Fig. 2 (A) Juvenile body not infested with Cochliobolus sativus. (B)
Spore-like structures from an older pure culture of C. sativus. (C) Nema-
tode body containing many spore-like structures of C. sativus. Arrow
shows a spore attached to the exterior of the juvenile (Bar = 50 um in all
cases).

S

Gl

fungal species showed the ability to control Meloidogyne sp.
juveniles on agar plates (Table 2). Cochliobolus sativus and
Dendriphiopsis sp. treatments gave the maximum nematode
juvenile mortality (>75% paralysis) by the 4" day after
nematode inoculation. Aspergillus fumigatus, Fusarium
chlamydosporum, Penicillium sp. and Trichoderma sp. had
paralyzed about 51-75% Meloidogyne juveniles on agar
plates by Day 4. Comparison of the percentage juvenile
immobilization relative to time of exposure revealed that
the maximum immobilization was observed after 4 days.
Nematode immobilization was negligible in all the agar
plates on Day 1. Exposure for 2 days gave the least im-
mobilization of the nematodes. Paralysis of nematode juve-
niles was negligible in the control plates during the 4 days
incubation period (Table 2).

Microscopic screening

When viewed under the microscope, there were no direct
interactions observed between the test fungal mycelia and
nematode juveniles or eggs. However, for C. sativus, sphe-
rical spore-like structures were observed to have formed
inside the bodies of Meloidogyne sp. juveniles (Fig. 2A)
although none were observed germinating. Similar struc-
tures were also observed in older pure cultures of C. sativus
(Fig. 2C). These were thought to be resting spores, al-
though no documented data on the resting spores of C.

Table 3 Glucose concentrations, as determined by spectrophotometric
assay, obtained from the degradation of CMC by the tested fungal isolates.
Test fungus Glucose concentration (ug/ml) *

Aspergillus fumigatus 1123+ 1.6
Cochliobolus sativus 542+0.5
Fusarium chlamydosporum 6.74+0.7
Dendriphiopsis sp. 740+ 1.0
Penicillium sp. 990+1.4
Trichoderma sp. 7.11+£09
Sterile mycelia 6.45+0.6
Paecilomyces sp.* 3.74+0.2
Pestalotiopsis sp.** 2.04+0.1

¥ Values given are means of two replicates.
* Nematode control documented fungi (Mubyana 2002).
** Fungi without any effect on nematodes (Ye ez al. 1993).

sativus has been found in literature. Nevertheless, no such
structures were observed in the control slides.

Although there were no microscopically visible physi-
cal interactions observed between nematode juveniles and
eggs and the other six fungi, the fungi had shown positive
nematode inhibition on agar plates. The inoculated Meloi-
dogyne juveniles became immobilized after 2-3 days of
incubation on the slides and no juveniles were immobilized
in the controls.

Cellulase activity

Table 3 shows the amount of glucose obtained from the
breakdown of CMC by the seven antagonistic fungal
isolates, after 10 days of incubation in the cellulose medium,
as an indication of the cellulase activity of these fungi. Also
tested were Paecilomyces sp., a nematophagous fungus
from South Africa, and a non-nematode trapping soil fungus
Pestalotiopsis sp. which were isolated from a previous
study (Mubyana 2002). All the fungi tested induced cel-
lulose production as shown in Table 4. These showed dif-
ferent glucose production levels ranging from 11.23 pg/ml
in Aspergillus fumigatus to as low as 5.42 ug/ml in C. sati-
vus. The commercial Paecilomyces species and a non-
nematophagous fungus Pestalotiopsis sp. tested gave values
of 3.74 and 2.04 pg/ml glucose, respectively i.e., lower
production of cellulases as compared to the other fungi tes-
ted in this study.

Chitinolytic activity

All the seven fungal isolates tested grew well on the chitin
agar; however, their growth was not measured as the in-
terest was not on the amount of chitinases produced by each
fungus, but their potential to degrade chitin. No visible
clearance was observed around the fungal colonies growing
in chitin agar.

Table 4 Effect of fungal isolates on the height of tomato plants infected with root knot nematodes (Meloidogyne sp.).

Plant treatment Plant height ¥
Plant height (cm) mean = std dev % change in plant height over % change in plant height over
Control-I Control-II

Non infested (Control-T)* 87.8+6.7 - 36.4
Nematode infested (Control-1I)** 64.4+3.3 -26.7 -

A. fumigatus 744+ 129 -15.3 15.6

C. sativus 93.5+11.2 6.5 453

FE chlamydosporum 83.1+9.7 =53 29.1
Dendriphiopsis sp. 88.7+4.0 1.0 37.7
Penicillium sp. 849+153 -33 319
Trichoderma sp. 89.7+72 2.1 393
Sterile mycelia 82.7+9.2 -5.9 28.4

¥ Values given are means of 9 replicates.

* Plants not infested with nematodes and grown in soil without fungi.
** Plants infested with nematodes and grown in soil without fungi.
Figures having a negative sign indicate % decrease in plant height.
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Effects of fungi inoculation on the growth of
tomatoes inoculated with Meloidogyne

Table 4 shows the height of tomato plants inoculated with
the different nematode antagonistic fungi. The results
showed that plants subjected to the various fungal treat-
ments had significantly (P < 0.05) increased heights when
compared to the nematode infected control plants without
fungal inoculation (Table 4). Inoculation of tomato plants
with root knot nematodes alone significantly reduced the
average height of tomato plants by 26.7% relative to the
uninoculated control. The plants treated with C. sativus and
Trichoderma sp. had the highest (93.5 cm) and second high-
est (89.7 cm) heights respectively, which neither differed
from each other nor from the non-infected control (P <
0.05). The results also indicate that C. sativus inoculation
resulted in 45.3% increase in plant height over the plants
inoculated with nematodes only whilst there was a 6.5%
increase over the uninoculated plants. Minimal increase
(15.6%) in plant height was achieved where 4. fumigatus
was used (Table 4).

Table 5 shows the effects of treatments with fungal iso-
lates on the shoot FW and DW of Meloidogyne sp. infested
tomato plants after harvest. Inoculation of tomato plants
with nematodes lowered the shoot FWs by 23.0% as com-
pared to the uninoculated controls. Pre-treatment with fungi
alleviated the nematode effects; however, the effect was not
statistically significant on dry shoot weight (P < 0.05). A
higher dry shoot weight (1.09 g) was obtained from treat-
ment with C. sativus and the least (0.44 g) from the un-
inoculated control.

Inoculating tomato plants with Meloidogyne sp. signifi-
cantly lowered root FW (29.4% decrease) as compared to
the uninoculated controls (Fig. 3). In contrast, plants pre-
treated with C. sativus, Dendriphiopsis sp. and Trichoderma
sp. showed a significant increase in root FW. Root weight
values from these treatments presented 36.6, 25.2 and
33.2% increments, respectively in comparison to the un-
inoculated control (Fig. 3). However, pre-treatments of soil
with the other fungal isolates; A. fumigatus, F. chlamydo-
sporum, Penicillium sp. and sterile mycelia did not show
much improvement in root FW as values obtained were not
significantly different from the nematode-inoculated control
value (Fig. 3). The positive effects of fungal inoculation
were more pronounced in root DW than on shoots (Fig. 3).
Cochliobolus sativus, Dendriphiopsis sp. and Trichoderma
sp. treatments differed significantly from the rest of the
treatments, showing highly increased root DW of 145.9,
104.5 and 115.0%, respectively as compared to the nema-
tode inoculated control (Fig. 3). Root DW for plants treated
with A. fumigatus, Penicillium sp. and sterile mycelia
showed decreases of 22.3, 26.0 and 27.4%, respectively as
compared to the uninoculated control. The severity of the
nematode infection was visible in nematode inoculated con-
trol (0.44 g), which was 39.3% less than the value obtained
for the uninoculated control.

DISCUSSION

Although 1,250 fungi were isolated from the soil samples
collected in three regions of Botswana, most could not be
recultured on fresh media and studied further. A factor that
was associated with lack of unidentified micronutrients,
growth factors or vitamins (Wollum II 1982; Warren et al.
2002). Cultivating fungi from extreme environment is chal-
lenging due to their slow growth and specific nutrient re-
quirements (Pointing 2000). Even among those that grew on
transfer, not all could be induced to sporulate, thus those
were recorded as ‘sterile mycelia and unidentifiable. Un-
known fungi made up a large portion of all the isolates. The
different identifiable soil fungi belonged to about 28 genera.
Of these the high fungal population of 43.05% along the
Boro route was attributed to the high grass biomass coupled
with alternating burning and flooding, which provides a
high nutrient substrate in the subsoil for the fungal growth
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Table 5 Effect of fungal isolates on shoot fresh and dry weight of tomato
plants inoculated with Meloidogyne sp.

Test fungus Shoot fresh weight Shoot dry weight
(® ®

Control-I* 37.2b 25a
Control- II** 294 a 24a
Aspergillus fumigatus 34.1 ab 24a
Cochliobolus sativus 41.0b 29b
Fusarium chlamydosporum ~ 36.3 ab 2.7 ab
Dendriphiopsis sp. 382b 2.7 ab
Penicillium sp. 38.5b 25a
Trichoderma sp. 383b 29b
Sterile mycelia 38.1b 24a

¥ Values given are means of 9 replicates.

* Plants not infested with nematodes and grown in soil without fungi.

** Plants infested with nematodes and grown in soil without fungi.

Means in the same column followed by the same letter are not significantly
different from each other in the Duncan’s multiple range test (P < 0.05).

o
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Fig. 3 Effect of fungal isolates on root fresh weight of plants infested
with Meloidogyne sp. Bars labelled with the same letter are not signifi-
cantly different (P < 0.05) from each other. Values of root fresh weight are
means of 9 replicates.

(Mubyana-John et al. 2007). In contrast, the fewer fungi
(29%) from Motlhabaneng in Bobirwa District, could be
positive due to less rainfall, bare and elevated soil tempera-
tures and the area being subjected to wind, erosion and
nutrient losses (Thomas ef al. 1999).

In this study, 27.80% of the total isolated fungal popula-
tion originated from the saltpans soils. This region of Bots-
wana is dominated by saline soils (Thomas and Shaw 1991;
Owen 2005; Lebogang et al. 2009), which impose a great
challenge to the soil inhabiting organisms, including fungi.
The high salt contents in the soils limit the density and
diversity of soil fungi as only those which are salt-tolerant
will be favoured. Since these isolated fungi are well adapted
to the saline environment, it would not be easy to utilize
them as substrates in less saline soils.

The most frequently isolated genera were Aspergillus
and Penicillium (Table 1) from the 3 sampled regions. The
two genera were not only high in density but also presented
a wide species variety. From the soil samples tested in this
study, Rhizopus stolonifer and Trichoderma sp. had the least
number of representative species, contributing a very small
percentage of the total fungal population isolated respec-
tively (Table 1).

Antagonistic effects of the isolates against
Meloidogyne

The seven fungal isolates (Table 2) that immobilized nema-
tode juveniles in vitro were Aspergillus fumigatus, Cochlio-
bolus sativus, Dendriphiopsis sp., Fusarium chlamydospo-
rium, Penicillium sp., Trichoderma sp. and an unidentified
white sterile mycelial fungus. These fungi immobilized
nematode juveniles to varying degrees ranging from 26 to
100% immobilization after the 4 day incubation period de-
pending on the species involved. Nematode juvenile im-
mobilization was treated as a sign for nematode antagonism
as it leads to reduction in the inoculation density or patho-
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gen activity (Khan ez al. 2001).

After 2 days of incubation Trichoderma sp. had already
immobilized about 26-50% nematode juveniles on agar
plates (Table 2). This is in accordance with Schicklerl ef al.
(1998) and Meyer et al. (2001) who isolated substances
from Trichoderma that significantly inhibited mobility of M.
incognita juveniles in vitro. Several mechanisms involved
in Trichoderma antagonism include production of antibio-
tics, competition for nutrients, mycoparasitism and excre-
tion of lytic enzymes such as chitinases, B-1,3 glucanases
and proteases (El-Katany et al. 2000; Bailey and T#htiharju
2003). In this study the Trichoderma species isolated showed
the ability to produce chitinase and degrade cellulose in
vitro (Table 3).

Dendriphiopsis sp. immobilized 26-50% of nematode
juveniles on agar plates after 2 days of inoculation (Table
2). Although no documented data on the interaction of Den-
driphiopsis with nematode juveniles were found in litera-
ture, it is suggested that this fungus probably released extra-
cellular substrates which acted on the juveniles and resulted
in paralysis.

Aspergillus fumigatus and C. sativus had immobilized
51-75% juveniles by day 3 (Table 2). Secondary metabolite
production by these fungi might have been induced upon
host recognition. Thus it took time before sensing the pre-
sence of Meloidogyne sp. juveniles and then producing the
toxic substances. Different species of Aspergillus are known
to produce toxins and antibiotics like malformin, nadacidine,
gliotoxin, viridian, and penicillin (Khan et al. 2001), para-
herquamides (mycotoxins) with potent antihelmintic and
antinematodal properties (Williams 2002).

Within the 4 days of incubation, C. sativus had im-
mobilized more than 75% of Meloidogyne sp. juveniles. It
was not clear whether the spore-like structures of C. sativus
observed inside the nematode juveniles were ingested by
the juveniles or injected by the antagonistic fungus into the
bodies of the Meloidogyne sp. Juveniles and however, some
samples showed spores attached to the exterior of the host
juveniles (Fig. 2C). No structures were observed on the
control slides, suggesting that they formed as a response to
the presence of Meloidogyne sp. Although no literature on
the resting spores of C. sativus could be found, Glockling
and Shimazu (1997) reported resting spores of Harpos-
porium cycloides forming inside nematode bodies but never
germinating.

Penicillium sp. immobilized 26-50% of the inoculated
nematode juveniles by the third day after inoculation and
increased to 51-75% by day 4, although no physical im-
mobilizing structures were observed. The ability of Penicil-
lium sp. to antagonise root knot nematodes has been attrib-
uted to production of mycotoxins and antibiotics (Laich et
al. 2002; Gotlieb et al. 2003). The immobilization of juve-
niles may be attributed to extracellular metabolites such as
chitinase and cellulolytic ability of the fungus. Similarly, F.
chlamydosporium immobilized Meloidogyne sp. juveniles
also increased with incubation period indicating immobili-
zation of the root knot nematodes was directly proportional
to the incubation time.

Cellulolytic activities of the isolated putative
nematode antagonistic fungi

All the fungal isolates tested in this study were able to
degrade carboxymethylcellulose (CMC), but with varying
degrees/capacities (Table 3). Aspergillus fumigatus presen-
ted the highest level of cellulase followed by Penicillium
sp., Aspergillus, Penicillium and Trichoderma have been
reported to be the main sources of cellulase and hemicel-
lulase enzyme production in soil (Bailey and Tahtiharju
2003).

The amount of cellulases produced by a particular fun-
gus did not necessarily determine its ability to antagonize
nematodes as indicated by Paecilomyces sp., a well docu-
mented nematode antagonistic fungus (Khan et al. 2004),
which yielded very low cellulolytic ability, whereas A.

38

fumigatus produced a higher amount of glucose than Den-
driphiopsis sp. a much more aggressive nematode antagoni-
ser. Nevertheless, the mere production of cellulase enzymes
may somehow be an indication of nematode antagonism.

Chitinolytic activities of the antagonistic fungal
isolates

All the tested fungi grew on chitin agar but the growth was
not intense as compared to on a nutrient-rich MEA. Chiti-
nases are highly associated with the fungal infection pro-
cess and many nematophagous and entomopathogenic fungi
have been reported to produce them (Khan et al. 2004; Park
et al. 2004). Although Cochliobolus sativus, Dendriphiopsis
sp. and Penicillium sp. grew on the chitin medium in this
study, no literature could be found on their ability to grow
on chitin agar. However, their growth was interpreted as
chitinolytic activity. Chitin induced nematode suppression
has also been documented by Schickler ez al. (1998) and El-
Katatny et al. (2000). The production of chitinases has been
identified as the key mode of action for Paecilomyces lila-
cinus Strain 251 against root knot nematodes (Khan et al.
2001). Therefore, the ability of the fungal isolates to deg-
rade chitin in vitro suggests that chitinase ability may con-
tribute to nematode suppression in soil.

Effect of fungal isolates on the growth of infested
tomato plants in the green

Inoculation of tomato plants with root knot nematodes sig-
nificantly reduced the average plant height by 26.7% when
compared to the uninoculated controls (Table 4). Preinocu-
lation of the tomato seedlings alleviated the effect of the
nematodes as the average plant height of nematode-infested
plants treated with the various test fungi were significantly
higher than those of the nematode-inoculated controls.
Giving increments ranging from 15.6 to 45.3% depending
on the fungal isolate involved (Table 4). Not only did the
tested fungal isolates improve plant height among nema-
tode-inoculated tomato plants; Cochliobolus sativus also
increased the plant height of uninoculated controls by 6.5%
(Table 4). Trichoderma spp. apparently exhibited plant
growth promoting activities (El-Katatny et a/. 2000), which
may have increased plant heights as compared to the un-
inoculated controls. It has also been reported that pre-plant
treatments with Trichoderma is effective in suppressing
nematode reproduction and inhibit both penetration and
egg-hatch (Khan et al. 2001; Meyer et al. 2001).

Nematode infection of tomato plants significantly
reduced shoots FW (Table 5). More than 23.0% decrease in
shoot weight was recorded as compared to the uninoculated
control. Abubakar et al. (2004) showed a reduction in plant
height and weight as a result of root knot nematode inocu-
lation.

Fungal inoculation effects were more visible in root
weight where the C. sativus, Dendriphiopsis and Tricho-
derma spp. inoculation significantly alleviated the negative
effect of the nematodes on the roots (Figs. 2, 3). Infection
by Meloidogyne spp. most likely led to inefficiency of the
root system hence stunted growth.

Overall the antagonistic properties of the isolated fungi
gave rise to improved growth of Meloidogyne sp. infected
tomato plants, in terms of height, shoot and root weight. It
is therefore suggested that the isolated nematode antagonis-
tic fungi have the ability to enhance plant growth of nema-
tode inoculated plants. The differences in the efficacy of
these isolates to improve plant growth might be explained
by differences in their effectiveness to infect and suppress
the root knot nematode parasite and their ability to grow in
the soil and colonize the rhizosphere. In this study, nema-
tode inhibition in vitro was not directly proportional to the
suppression of nematodes in the root system of the tomato
plants. The percentage immobilization capacities of the fun-
gal isolates on Meloidogyne sp. juveniles in agar might not
always correspond to the alleviation in the tomato plants.
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The sterile unidentified mycelia showed low immobiliza-
tion of nematode juveniles compared to the other fungi
(Table 2), thus may not be recommended for intensive
future investigation activity (Table 3).

In this study, C. sativus demonstrated parasitism
through infectious spores (Fig. 2), suggesting that the pro-
duction of spores within the bodies of juveniles killed the
nematodes and lowered the nematode inoculum density.
Not only did infection with these spore-like structures
reduce infective nematode juveniles, these structures could
ensure a continuous survival of C. sativus under harsh envi-
ronmental conditions. The fungus C. sativus is known to
survive as dormant spores in soil (MacNish 2005). Some
researchers have documented C. sativus as the causal agent
of common root rot diseases in crops (MacNish 2005).
However, no incidence of disease was observed in this
study.

To our knowledge there is little or no literature on the
antagonistic activity of Dendriphiopsis spp. against plant
parasitic nematodes. This suggests that this fungus pro-
duced nematodal metabolites which immobilized Meloido-
gyne sp. juveniles, and lowered the nematode population.
This fungus originated from the saltpan soils and showed a
potential in controlling root knot nematodes in vitro, it
might be an option to biological control of Meloidogyne in-
fection in the saline areas of Botswana.

CONCLUSION

This study indicates that Cochliobolus sativus, Trichoderma
sp., Penicillium sp., from the Okavango Delta; Fusarium
chlamydosporium, and Dendriphiopsis sp from the Salt
Pans; and Aspergillus fumigatus from Bobirwa district soils
are potential indigenous nematode antagonistic fungi which
can be used to control nematodes in Botswana soils as they
are adapted to these soils. Of the different isolates, C. sati-
vus exhibited the strongest immobilization of nematode
juveniles, while the sterile mycelia showed the least in vitro
indicating its least potential as a biological control agent.
The study also suggests that C. sativus invades nematode
juveniles through the infectious spore-like structures.
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