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ABSTRACT

Soil-borne root-knot nematode (RKN) Meloidogyne incognita, has become a chronic pest that
must be dealt with repeatedly every season, particularly during flowering and fruiting periods.
So, this situation heightens to search for safe, effective, and extended-release alternatives for
chemical nematicides to combat RKN. So, the potential nematicidal activity of Trichoderma
album, T. harzianum and T. viride against RKN eggs hatching and second stage juveniles (J2)
survival was determined in vitro, besides their interaction effect on reducing reproduction factor
(Rf) of M. incognita in infected tomato roots in pot soils and promoting plant growth parameters
under subtropical greenhouse conditions. In vitro, Trichoderma spp. showed a limited
nematicidal effect against RKN with the various concentrations. T. viride exhibited a weak
nematicidal effect against eggs and J2 of RKN. Moreover, the concentration of 1x108 spores/m
displayed maximum ovicidal effect on RKN eggs and T. album potency surpassed T. viride.
Conversely, T. harzianum caused the highest significant ovicidal and larvicidal effect at the
concentrations of 1x10” and 1x108 spore/ml and exceeded oxamyl potency after 6 days with eggs
and at 1x108spore/ml after 14 days incubation with J2s. Generally, Trichoderma spp. showed a
significant ovicidal effect against RKN surpassing oxamyl nematicide in contrast to the
larvicidal effect which was very limited compared with oxamyl. In pots, plants inoculated with
Trichoderma spp. achieved higher plant fitness indices compared to the control, presumably
related to changes in plant resistance after proving Trichoderma root colonization. The number
of galls/root, egg masses/root, J2s/100 g soil, eggs/100 g soil and Rf in Trichoderma treatments
showed a mediated significant reduction lower than oxamyl potency which ascertained the
ability of Trichoderma spp. with various concentrations to keep RKN population below the
economic threshold or avoid plant damage resulted from RKN infection by multiple
mechanisms of action including parasitism, root colonization, plant resistance and growth
promoting.
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INTRODUCTION

When the human being directly intervenes in the eco-system for self-
interestedness, he becomes interested in what is directly related and excludes
everything that is not directly beneficial to him. These measures caused an
imbalance in the ecosystem after the shortage of biodiversity. Nematodes are an
important component of the soil eco-system particularly phytonematodes that are a
major worldwide limitation to economic crop production. Root-knot nematode (RKN),
Meloidogyne incognita (Kofoid & White) Chitwood (EI-Ashry et al., 2020) is a vital
species via the formation of giant cells and considered a major threat to agriculture
(more than 2000 plant species), reduced plant growth parameters and productivity, or
even plant death (Karssen et al., 2013) in subtropical climate causing significant losses
in crop yields worldwide (Barker, 1998; McCarter, 2008). The effective control of RKN
under tropical conditions is limited (dos Santos Pereira et al., 2020). Growers used



Ali etal. 60

many measures to reduce RKN population including cultural practices (crop rotation,
resistant cultivars) and chemical control but these control measures lack options for
crop rotation which always contains resistance cultivars with low or no economic value
and with no durable resistance in tropical or subtropical areas. As well, chemical control
was the most effective and popular tool for growers in the urgent situation for
controlling of RKN for decades (Moens et al., 2009).

Thus, the use of biological control agents (BCAs) which contain more than 200
specific organisms is known to be natural enemies of RKN (Freitas et al., 2009; Kerry,
1990) and cause no adverse damage to environment and human (Ferraz and Brown,
2002; Freitas et al., 2009). Nowadays, alternative control strategies appeared and
showed effective performance against phytonematodes but the timing appears to be
critical for their effectiveness (Giannakou et al., 2002).

Fungi are BCAs that can trap or hyperparasite the nematodes (Huang et al., 2004)
either on nematode eggs for instance, Paecilomyces sp. (Khan et al., 2004) and
Pochonia sp. (Tikhonov et al., 2002) and suppress egg hatching, consequently reducing
nematode populations in plant root or pot soils. Whereas Trichoderma spp. fungi are
widely distributed in soil and active mycoparasites with a considerable potency for
foliar application (Mora and Earle, 2001) and controlling soil-borne diseases (Larralde-
Corona et al., 2008) such as phytonematodes. Nearly 254 Trichoderma species have
been formerly (Bissett et al., 2015) and 71 new species were identified along 2015 to
2018 years, and there are undoubtedly many more awaiting discovery (Qiao et al.,
2018).

Various studies were conducted under greenhouse conditions to define the most
effective Trichoderma species which T. harzianum considered one of the excellent
control bioagents (Sharon et al., 2001) against root knot and citrus nematodes. Zhang
et al. (2014) demonstrated T. longibrachiatum as a strong parasitic bioagent and lethal
effect against Heterodera avenae cysts in vitro. Moreover, T. longibrachiatum and
Mortierella alpine are used as BCAs for the sustainable management of RKN on
selected crops (AL-Shammari et al., 2013). In 2008, a study conducted by Sahebani and
Hadavi (2008) revealed two main suppression mechanisms by T. harzianum one of
them via the increase in extracellular chitinase activity which is used as indicator of
eggs infection capability and inducing plant defense mechanisms leading to systemic
resistance. Krif et al. (2022) exhibited the beneficial use of biological nematicides as
one of the most acceptable alternative methods in nematode management by the
farming community. Besides, significantly improved tomato growth parameters: plant
length, shoot fresh weight and, root systems in tomato crop. The beneficial effect of
combined T. viride with composted plant residues or water-extractable fraction of
vermicomposts enhanced the growth of vegetables such as tomato and their tolerance
against M. incognita (dos Santos Pereira et al., 2020; Zhang and Zhang, 2009).
Currently, BCAs such as Trichoderma spp. Achieved significant success in the control
of various plant diseases, improving vegetable growth, decomposition process and
bioremediation besides, secondary metabolites production in agroecosystem and
utilization of Trichoderma in friendly agriculture practices (Zin and Badaluddin, 2020).
Moreover, the reduction of RKN damage is not accompanied by disturbing the
beneficial microorganism communities and the natural environment resulting from the
application of pesticides.

Up till now, less attention has been given to BCAs in the management of plant
diseases. BCAs approved to be efficient in reducing damage caused by RKN without
disturbing the beneficial microorganism community and natural environment. So, the
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present study was carried out to determine the comparative efficacy of Trichoderma
spp. (T. album, T.viride and T. hamatum) as BCAs compared to the nematicide, oxamyl
against M. incognita eggs and juveniles stages in vitro and clarify the ability of
Trichoderma spp. To colonize tomato root and their influence by reducing reproduction
factor of M. incognita in plant root and promote plant growth parameters under
greenhouse conditions.

MATERIALS AND METHODS
1-Inoculum Preparation
1.1-Root-knot Nematode, M. incognita:

The isolate of M. incognita inoculum was identified using the juvenile measurements
and examination of the perineal pattern system of adult females (Eisenback and
Triantaphyllou, 1991; Jepson, 1987). The RKN pure culture was established on the
tomato susceptible cultivar Super Strain B inoculated with a single egg mass to provide
the required inoculum for the subsequent experiments.

The infected roots of tomato were cut into 2 cm long pieces and placed in a flask
600 ml containing 200 ml of 0.5% sodium hypochlorite, then the flask was capped
tightly and shaken for 3 minutes to dissolve partially the gelatinous matrix to free eggs
from egg masses (Hussey and Barker, 1973). The liquid suspension of eggs was poured
through a 200 mesh sieve nested upon a 500 mesh sieve. Eggs collected on the 500
mesh sieve were immediately washed to remove sodium hypochlorite residue under a
slow stream of tap water. To obtain newly hatched juveniles (J2), free eggs of RKN
were incubated in Petri dishes at 25£1°C until hatching then collected by using a
micropipette.

1.2- Inocula of Tested Trichoderma Species:

Trichoderma album, T. viride and T. harzianum were obtained from Plant Pathology
Laboratory, Faculty of Agriculture, Zagazig University, which cultured on potato
dextrose agar (PDA) in Petri dishes for 7 days at 25+2 °C. Ten Petri dishes for each
fungus were used to collect sufficient conidia for the experiment. The conidia
suspension of the tested Trichoderma species was prepared by flooding each dish with
10 ml of sterilized distilled water containing 0.01% (V/V) Tween 80, and the agar
surface was scraped gently with a sterile glass rod and collected in 250 ml beakers. The
suspension was filtered through sterile double-layered muslin cloth to remove
mycelium fragments. The density of conidia in spore suspension was assessed using a
Neubauer hemocytometer to use these concentrations as stock to prepare the subsequent
suspension of different densities: 1x10%, 1x10° 1x10°, 1x107 and1x10® spore/ ml and
stored at 4 °C.

2- Nematicidal Effect of Tested Trichoderma spp. on Egg Hatching and Juvenile
Mortality of M. incognita in vitro:

2-1. Ovicidal activity of Trichoderma spp. on individual eggs hatching:

The extracted eggs of M. incognita from infected roots of tomato were suspended in
water and counted using a counting slide under a stereomicroscope. The egg numbers
were adjusted to about 1000 eggs/ml by concentrating the suspension using a
centrifuge. Approximately, 200 nematode-free eggs were transferred in 0.2 ml of egg
suspension to expose spore capacity 1x10% 1x10°, 1x10%, 1x107 and 1x108 spore/ ml
with the three tested Trichoderma spp. (T. album, T. viride, T. harzianum). The Petri
dishes (9 cm) were incubated at 25 £3°C and observed for 14 days at the latest after
inoculation besides control treatment. The number of hatched J2s was expressed as
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a cumulative number of viable J2s. The percentage of hatching inhibition was calculated
in comparison with control according to the following equation:

RI (%) = (X —0)/X x 100, Where:
RI (%): Relative percentages in inhibition of egg hatching.
X: Number of J2s hatched in the sterile water control
O: Number of J2s hatched in each treatment.
2.2. Larvicidal activity of Trichoderma spp. on 2" juveniles of M. incognita:

The previously indicated concentrations were prepared in a 5 ml final volume. Each
suspension involved 0.2 ml of J2s stock suspension (1000 J2/ml) containing 200 J2
were pipetted into sterilized Petri dishes. The control plates contained 5 ml of sterile
water contained 0.2 ml of J2 stock suspension. The Petri dishes were incubated at 24+2°
C. The process of infection was observed periodically until 18 days after inoculation.
The percentage of immotile J2 of M. incognita was calculated, and immotile second-
stage juveniles were allowed to recover in tap water for 5 h. Those that remained
inactive were considered dead (Meyer et al., 2004). Each treatment consisted of five
replicates. The percentage mortality of the J2 in each concentration was corrected using
Abbott’s formula (Finney, 1971):

C=(0-X)/(100 —X) x 100, Where:
C is the corrected mortality %; O is the observed mortality %.

X is the percentage of the control J> that have died at the relevant observation
time.

3- Pots Experiments:

Plastic pots 25 cm diameter was filled with 2 kg/pot consisted of non-sterilized sandy
soil (70.1% sand, 12.3 % clay, 8.1% silt), amended with 62.4 g composted chicken
manure and 3 mg urea fertilizer per kilogram of soil to determine Trichoderma spp.
effectiveness under temperate greenhouse conditions.

Experiments were carried out with the tomato plant (Solanum lycopersicum cv. 016).
The seedlings at the 3-4 leaf stage (10 cm high) were separately transplanted from the
seedling tray to plastic pots and irrigated. Seven days after planting, seedlings (except
healthy plant control pots) were inoculated with 1000 J2s of M. incognita diluted in 2
ml using a micropipette. This volume was poured around each seedling into two holes
4 cm deep made using a pencil and covered with soil after inoculation.

This experiment contained 6 treatments each has 5 replicates, as follow:

- Control treatments included a negative control (plants without RKN and
Trichoderma spp.) and positive control (plants inoculated with RKN only).

- Trichoderma spp. treatments (included T. album, T. viride and T.harzianum). Each
pot received 10 ml of 1x10° spores/ml concentration implemented as soil drenching
after inoculation with RKN.

- Oxamyl (Oxineem EI-Nasr 24% SL) at 0.3 ml/plant as soil drenching after RKN
inoculation.
Sixty days after inoculation, roots and surrounding soil in the pots were soaked in water
for 2 hours to facilitate removing adhering soil and keep egg masses on the root surface.
The measured tomato plant growth traits included fresh weights of root and shoot (g),
number of leaves/plants, leaves weight /plant (g), and stem diameter (mm). While the
recorded parameters related to RKN reproduction included the mean numbers of egg
masses, galls (categorized galls based on volume), galls /root (root gall index), egg
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masses/root (egg mass index), J2/100 g soil and eggs /100 g soil besides reproduction
factor (Rf).

Nematode root densities were assessed from 2 g of root subsamples removed after
chopping (1-2 cm) the whole root of each plant (Sharon et al., 2007). For enumeration
of J2 in the soil, the samples of soils were extracted by the modified centrifugal-
floatation method (Barker, 1985). Both root gall index (RGI) and egg-mass index
(El) were calculated according to the scale given by (Taylor and Sasser, 1978). The
final population densities of nematodes were determined and Rf = Final population/
initial population (Oostenbrink, 1968) was calculated.

4- Colonization of Trichoderma spp. Tomato Plant Roots:

To ascertain hyphae of Trichoderma penetration into infected epidermal and cortical
tissue of the root and colonization of tomato roots by Trichoderma species. The roots
were surface sterilized with 0.5% sodium hypochlorite for 3 minutes, washed in
sterilized distilled water and repeated several times and then dried among sterilized
filter papers. Small pieces of 7 mm length of roots were cut by a sterile scalpel,
transferred to Petri dishes containing water agar (WA) medium and dishes were
incubated in an inverted position at 28+ 2°C and observed daily for 5 days. Once fungal
growth occurred, the developed fungal colonies were picked up and purified using the
hyphal tip techniques. Growing colonies were transferred to slopes of potato-dextrose
agar (PDA) medium. Identification of the isolated fungi was possible after 7 days of
incubation at 25+2 °C. Isolation, purification and identification were carried out
according to the morphological characteristics of each fungus in Plant Pathology
Department, Faculty of Agriculture, Zagazig University.

5- Statistical Analysis:

The replicates of each treatment were arranged in a completely randomized design.
The experiments data were subjected to analysis of variance (ANOVA) based on an
applied design using MSTAT version 4. Means were compared by Duncan’s multiple
range test at P < 0.05 probability.

RESULTS AND DISCUSSION

Ovicidal and Larvicidal Effect of Trichoderma Species on M. incognita:

As shown in Table (1), the application of Trichoderma spp. (T. album and T. viride),
with several concentrations (spores /ml) at different exposure periods (days) on root
knot nematode eggs exhibited a highly negative effect on the hatchability of M.
incognita eggs (number of J2 emerged) due to the toxicity of Trichoderma spp. As
concentrations of the tested Trichoderma spp. increased, numbers of the emerged
juvenile decreased. The highest concentration of tested Trichoderma 1x108 spore/ml
displayed the maximum effect (33.33%) of egg hatchability after one day without
remarkable differences between T. album and T. viride. After three days of treatment,
T. album (55.96%) displayed more toxicity against the hatchability of RKN eggs than
T. viride (51.26%). With the time elapsed, the same trend was observed after 14 days
and the number of emerged J2 were 125.80 and 128.40 in Petri dishes treated with 108
spores /ml with T. album and T. viride, respectively compared to 196.40 J2 in the control
treatment (distilled water) with percentages of egg hatching reduction, 35.95 and
34.62% respectively. On the other hand, oxamyl has the highest effect compared to
Trichoderma species at various concentrations at all different times of immersion.

Egypt. J. Agronematol., Vol. 21, No.2 (2022)



Ali etal. 64

Table 1: Number of emerged juveniles and non-hatched percentages of RKN,
Meloidogyne incognita eggs, inoculated with Trichoderma album and T. viride in vitro.

Concentrations Incubation period (Days)
Treatments (Spores/ml) 1 3 5 10 2
Control 2.40 2 55.40% 12460°% 181.40° 196.40 @
104 2.20° 47.60° 121.60* 174.20° 179.80 P
T. album (8.33) (14.08) (2.41) (3.97) (8.45)
105 2.00%® 41.60¢ 113.20°  160.00 ¢ 171.00 ¢
(16.67)  (24.91) (9.15) (11.80) (12.93)
106 2.00 % 34.60¢ 104.80°¢ 127.40¢ 146.00 ¢
(16.67)  (37.55) (15.89) (29.77) (25.66)
107 1.80° 28.80 ¢ 70.00 ¢ 110.60 © 136.00 ©
(25.00)  (48.01) (43.82) (39.03) (30.75)
108 1.60° 24.40° 53.00°¢ 107.60 © 12580 f
(33.33)  (55.96) (57.46) (40.68) (35.95)
Oxamyl 1.00°¢ 12.20°¢ 31.20° 54.00F 73.80°¢
(58.33)  (77.98) (74.96) (70.23) (62.42)
Control 2.40° 55.40% 12460° 181.40° 196.40 ®
104 2.00%® 49.40°  12460%  156.80°2 187.00°
T. viride (16.67)  (10.83) (0.00) (13.56) (4.79)
105 2.00 % 43.80¢ 116.80°  148.20° 174.80 ¢
(16.67)  (20.94) (6.26) (18.30) (11.00)
106 2.00 % 35.80¢ 108.40°¢ 123.80° 149.60 ¢
(16.67)  (35.38) (13.00) (31.75) (23.83)
107 1.80° 30.20°¢ 74.204 106.20 ¢ 141.40 ¢
(25.00)  (45.49) (40.45) (41.46) (28.00)
108 1.60° 27.00F 64.20 ¢ 101.60 ¢ 128.40f
(33.33) (51.26) (48.48) (43.99) (34.62)
Oxamyl 1.00¢ 12.20°¢ 31.20° 54.60 ® 73.80 g
(58.33)  (77.98) (74.96) (70.23) (62.42)

*Each replicate containing 200 eggs.

*Figures in parenthesis are percentages of egg hatching inhibition in comparison with control of distilled
water; **Different letters in the same column indicate significant differences (P < 0.05) according to
Duncan’s multiple range test.

Under in vitro conditions, T. harzianum presented a significant effect on M.
incognita egg hatching after 6 days of treatment. Maximum egg hatching value (17.80)
was obtained from control (distilled water) on the first day compared to 7.80, 0.60, 0.00,
0.00 and 0.00 eggs with T. harzianum concentrations of 1x10% 10°, 10%, 10" and 108
spore/ml, respectively and the percentages of efficiency against egg hatching were
56.18, 96.63, 100, 100 and 100%, respectively. The highest egg hatching value was
obtained from control and reached 198/ 200 eggs on the 6" day. Also, the parallel values
with the abovementioned T. harzianum concentrations were 55.20, 49.20, 43.00, 32.80,
32.80 and 24.20/200 eggs, respectively. On the other hand, concentrations of 1x107 and
108 spore/ml were more effective than oxamyl treatment at all tested incubation periods
under laboratory conditions (Table 2).

The effects of various Trichoderma spp. concentrations with different times elapsed
on J2 mortality of M.incognita are shown in Table (3). The mortality percentages of
Trichoderma album after 7 days post-treatment were 2.80, 2.80, 3.90, 6.50 and 2.80%
with concentrations of 10%, 10° 10°, 107 and 108 spore/ml, respectively. The results
suggested that the efficiency of T. aloum remarkably increased with an increase of the
initial concentrations, and that time elapsed to achieve maximum effect efficiency
occurred at 14 and 18 days.
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Table 2. Number of emerged juveniles and non-hatched percentages of RKN,
Meloidogyne incognita, eggs inoculated with Trichoderma harzianum in vitro.

Concentrations Incubation period (Days)

Treatments (spores /ml) 1 2 4 6
Control * 17.802 55.402 148.40 @ 198.00 2
104 7.80° 12.60° 19.00° 55.20 P
(56.18) (77.26) (87.20) (72.12)
105 0.60°¢ 2.00°¢ 5.40 ¢ 49.20°¢
(96.63) (96.39) (96.36) (75.15)
T harzianum 106 0.00¢ 1.60 ¢ 5.00 43.00 ¢
' (100) (97.11) (96.63) (78.28)
107 0.00°¢ 0.80°¢ 3.80 % 32.80°¢
(100) (98.56) (97.44) (83.43)
108 0.00°¢ 0.80°¢ 2.80¢ 24.20F
(100) (98.56) (98.11) (87.78)
Oxamyl 12.209 31.20° 54,00 f 73.80¢
(77.98) (74.96) (70.23) (62.42)

*Each replicate containing 200 eggs; Eggs in distilled water were used as control

*Figures in parenthesis are percentages of egg hatching inhibition in comparison with control of distilled
water; **Different letters in the same column indicate significant differences (P < 0.05) according to
Duncan’s test.

The effects of various Trichoderma spp. concentrations with different times elapsed
on J2 mortality of M.incognita are shown in Table (3). The mortality percentages of
Trichoderma album after 7 days post-treatment were 2.80, 2.80, 3.90, 6.50 and 2.80%
with concentrations of 104, 10° 10° 107 and 108 spore/ml, respectively. The results
suggested that the efficiency of T. aloum remarkably increased with an increase of the
initial concentrations, and that time elapsed to achieve maximum effect efficiency
occurred at 14 and 18 days. Moreover, results clearly indicated low percentages of
mortalities in J2s of M. incognita reached 4.70, 5.20, 10.00, 13.90 and 18.40 % after 14
days post-treatment, respectively while after 18 days reached only 6.60,7.10, 12.50,
15.60 and 21.50% with the concentrations of 10% 10°, 108 107 and 10® spore/ml,
respectively. Indeed, the mentioned results reported a tiny effect of T. aloum compared
to RC of oxamyl after 7, 14 and 18 days. On the other hand, the toxicity of oxamyl
against J2 of M.incognita reached 83.60, 98.10 and 100.00% after the latest mentioned
times exposure.

The effect of T. viride on the mortality of M. incognita at the mentioned
concentrations was studied to assess in vitro larvicidal effect on J2 (Table 3). All tested
concentrations had a slight larvicidal effect on mortality of J2 M. incognita and the
highest concentrations, 10" and 10® spore/ml were more effective in killing infective
juveniles than those resulted from concentrations of 1x10% 10°and 10° spore/ml and
produced mortalities of 6.20 and 12.60% compared to 2.80, 4.60 and 5.40% after 7
days, respectively. After 14 days, the mortality percentages were 9.90, 17.60, 5.20, 9.50
and 12.00 %, respectively. After 18 days, J2 mortalities reached only 6.20, 10.40, 13.20,
14.20 and 20.50% at concentrations of 1x10% 10° 10° 107 and 10% spore/ml,
respectively.

T. harzianum concentrations of 1x10%, 10°, 10%, 107, and 108 spore/ml showed high
mortality of M. incognita J2 in vitro tests, compared with others tested Trichoderma
spp. (T. album and T. viride). After 7 days, of T. harzianum application, a positive
response in J2 mortality percentage was observed at concentrations of 1x10%, 10°, 109,
107, and 108 spore/ml scoring 7.30, 14.30, 18.40, 21.50 and 37.30% mortalities,
respectively compared to 83.60% with the treatment of oxamyl. Whereas, after 14 days
of treatment, mortality percentages in J2 of M.incognita increased reaching 50.55,
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64.10, 78.20, 94.80 and 100.00% at 10*, 10°, 108, 107, and 108 spore/ml compared to
98.10% in the treatment of oxamyl. The concentration of 108 was the most effective
concentration among others and surpassed oxamyl after 14 days resulting in 100% J2
mortality (Table 3).

Table 3: Numbers of dead juveniles and mortality percentages of RKN, Meloidogyne
incognita inoculated with Trichoderma album, T. viride and T. harzianum in vitro.

Concentrations Incubation period (Days)
Treatment (Spores/ml) 3 7 10 14 18

104 1.80¢ 5.60 ¢ 6.60 © 9.40 ¢ 13.20°¢

(0.90) (2.80) (3.30) (4.70) (6.60)

105 2.00¢ 5.60 ¢ 6.80°¢ 10.40°¢ 14.20¢

(1.00) (2.80) (3.40) (5.20) (7.10)

T. album 106 2.20¢ 7.80¢ 11.604 20.00¢ 25.00 ¢
(1.10) (3.90) (5.80) (10.00) (12.50)

107 6.60°¢ 13.00¢ 17.20°¢ 27.80°¢ 31.20°¢

(3.30) (6.50) (8.60) (13.90) (15.60)

108 10.20° 25.60°  28.60° 36.80° 43.00°

(5.10)  (12.80) (14.30)  (18.40) (21.50)
Oxamyl 4560% 167.20° 170.80a 196.20a  200.00 2
(22.80)  (83.60) (85.40)  (98.10)  (100.00)
1809 5609 5609 10.40 ¢ 12.40°
(0.90)  (2.80)  (2.80) (5.20) (6.20)
2209 9209 920 19.00 ¢ 20.80 ¢
(1.10)  (4.60)  (4.60) (9.50) (10.40)
N 106 660¢ 10.80°¢ 10.80°  24.00° 26.40 ¢
T. viride (3.30)  (5.40)  (5.40) (12.00) (13.20)
660°¢ 1240°¢ 12.40°  19.80¢ 28.40 °
(3.30)  (6.20)  (6.20) (9.90) (14.20)
108 1020° 2520 25.20°  35.20° 41.00°
(5.10)  (12.60) (12.60)  (17.60) (20.50)
Oxamyl 4560° 167.20° 170.80° 196.20°  200.00
(22.80)  (83.60)  (85.40)  (98.10)  (100.00)
2504 14.60° 38207  101.104  135.40°

104

10°

107

4
10 (125  (730) (19.10) (5055  (67.70)
o5 2809 28.60°  89.80°  128.20°  172.00°
(1.40)  (1430) (44.90)  (64.10)  (86.00)
T o6 460 3680 103.60%  156.40  198.00°
: (2.30)  (1840) (51.80)  (78.20)  (99.00)
o7 6.00  4300° 119.60°  189.60°  200.00:
(300)  (21.50) (59.80)  (94.80)  (100)
o8 040 74.60°  127.60°  200.00°  200.00°

(4.70) (37.30)  (63.80) (100.00) (100)

Oxamyl 4560a 167.20a 170.80a 196.20a 200.00a
(22.80) (83.60)  (85.40) (98.10) (100)

Each replicate containing 200 J2; Figures in parenthesis are percentages of juvenile mortality.

* J2 in distilled water was used as control while oxamyl was used for nematicidal comparison.

**Different letters in the same column indicate significant differences (P < 0.05) according to Duncan’s

multiple range test.

Trichoderma is a genus of filamentous free-living soil-inhabiting fungi, the
teleomorph-bearing belonging to the Hypocreales order of the Ascomycota division.
Trichoderma is a genetically diversified genus that includes several strains with
significant agricultural and industrial potential. Additionally, Trichoderma spp. could
enhance the survival potential, competition for nutrients, growth and reproduction
under different conditions, besides, their ability to tolerate different stress conditions.
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Besides their abilities as antagonistic facultative parasitic fungi, they could sometimes
act as parasites when conditions are favorable (Sudantha and Suwardji, 2021), and are
a resistant variety of contaminants, such as pesticides, heavy metals, and polyaromatic
hydrocarbons (Ali and Ramadan, 2019), therefore Trichoderma used for remediation
pollutants from soil. Moreover, enhances the compatibility of the premix or tank mixed
with other bacterial bioagents e.g., Bacillus subtilis and B. licheniformis (Silva et al.,
2017).

Under laboratory conditions, T. harzianum displayed more virulence and infectivity
than T. viride due to genetic variability, pathogenic capabilities, and origin of the isolate
(Al-Hazmi and TarigJaveed, 2016). The obtained results are in harmony with Dababat
et al. (2006); Pandey et al. (2003); Sharon et al.(2001) on the role of T.harzianum in the
reduction of gall formations on tomato roots infected with M. incognita or M. javanica
and ability of T. viride in reduction of galls and final population of M. incognita in pots
of chickpea under field conditions (Trudgill, 1991).

Trichoderma spp. can parasite eggs or have opportunistic and toxic properties on
RKN (Jaideep et al., 2008). Mycoparasitism involves morphological changes, such as
coiling and formation of appressorium-like structures, which serve to penetrate the host
and contain high concentrations of osmotic solutes. T. harzianum infection and
parasitism of RKN eggs and juveniles were confirmed in vitro on dual plates (Singh et
al., 2017) and eggs were colonized gradually with a long incubation period (Trifonova
and Vachev, 2010). Sidhu et al. (2014) revealed that RKN egg masses, J2s and adult
females collected from tomato roots grown in non-sterile manure-rich soil and scanning
with electron microscopy exhibited prolific fungal growth of Trichoderma sp. on the
egg masses. As well as the fungus colonized both pre-infectious, J2s and Meloidogyne
eggs by attaching fungal hyphae and conidia to the surfaces of eggs and egg masses and
then the hyphae made trapping rings around J2 as it emerged but had no contact with
adult females. Furthermore, Trichoderma colonized J2 penetration holes in the root.
The role of gelatinous matrix (GM) in spore attachment and the generation of fungal
coils are required for parasitism. Whereas, Fucose-specific antibody and a fucose-
binding lectin enhanced spore attachment to the nematode surface (Spiegel et al., 2007).
Increase contact time between M.incognita stages (eggs and J2) and Trichoderma spp.
in Petri dishes with favorable conditions of temperature increased the fungus and
corrupting the vitelline layers of chitin and lipids, causing juvenile death (Rodriguez-
Kabana et al., 1987). Furthermore, the eclosion of J2 is affected by the presence of the
fungus (Mukhtar and Pervaz, 2003; Stirling and West, 1991).

Many studies explored the nematicidal effect of Trichoderma culture suspension and
cultural filtrate against RKN showed an ovicidal and larvicidal effects raised with the
increase in concentration and exposure time (Anusha and Shripad Kulkarni, 2016;
Rekha Arya, 2016). The comparison showed surpassing some species like cultural
filtrate of T. viride, most likely as a result of the greater concentration of phenols (Singh
et al., 1983), besides other antinematode compounds produced in cultural filtrates
directly affected the hatching of RKN eggs and juveniles mortalities but their ability to
penetrate the host root was limited (Singh et al., 2015). The cultural filtrate of
Trichoderma does not contain only secondary metabolites and antagonistic compounds
but also involved extracellular degraded enzymes. The effect of the fungal metabolites
is not necessarily killing but inhibiting the growth and reproduction of fungal pathogens
and nematodes causing fungistasis (Benitez et al., 2004).

Trichoderma produced several hydrolytic enzymes as T. harzianum produces
amylases (de Azevedo et al., 2000), cellulases from T. reesei (Ahamed and Vermette,
2009), 1,3 B-glucanases from T. harzianum, T. koningii (Monteiro and Ulhoa, 2006;
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Noronha and Ulhoa, 2000), chitinase from Trichoderma species (Sayed et al., 2019;
Spiegel et al., 2007) and proteinase from T. atroviride (Spiegel et al., 2007) able to
degrade cell wall for fungi. In concerning of egg hatching and J2 vitality, chitinase-
containing growth culture was associated with the concentration of fungal growth
suspension as a renewable source of chitinase (Sayed et al., 2019). Chitin, an insoluble
linear b-1,4-linked polymer of N-acetylglucosamine, is a common constituent of a wide
range of organisms, including fungi, insects, and crustaceans, and it occurs also in
nematode eggs (Flach et al., 1992). Besides chitinases enzymes, Trichoderma secretes
proteinase Prbl and other proteases during nematode parasitism accompanied by
induction of chitinolytic activities i.e., endochitinases CHIT36 and CHIT42 and the N-
acetylglucosaminidases CHIT102 and Nagl, in T. asperellum-203 and T. atroviride
(Spiegel et al., 2007). The integration among different extracellular enzymes from
different BCAs, Bacillus sp. and Trichoderma sp. caused a significant reduction in J2
hatching of M. incognita as shown with biological products based on enzyme mixtures
(Frederic et al., 2020). Moreover, Trichoderma at species varied greatly in virulence
and parasitic activity as observed between T. harzianum and T. viride on M. incognita
(Sanjeev and Sharma, 2003) and isolates of T. harzianum (Th43-14) (Pinzon Espinoza
et al., 2015) and T. asperellum (Tal) (Abdel-Lateif and Bakr, 2018). Under in vitro
bioassay of Trichoderma spp. other factors affect hatching percentages and nematode
infective juveniles mortality as fungal isolate levels of aggressiveness and virulence,
culture suspension and culture filtrate against RKN, concentration and exposure period
(Sanjeev and Sharma, 2003; Wajahat et al., 2021) and laboratory potency may reach
100 % or less but within the accepted limits (Abdoulkader and Mansoure, 2015).

Biocontrol efficiency of the tested Trichoderma spp. in enhancing plant growth and
suppressing RKN reproduction on tomato plant in pots

The greenhouse experiment on tomato plants was harvested at 60 days after
inoculation (DAI) with RKN J2s to estimate the role of Trichoderma spp. in comparison
with oxamyl against the reproduction and damage severity of M. incognita (Table 4).
A comparison among Trichoderma spp. inoculated infected tomato plants in most cases
decreased RKN reproduction and severity of damage besides improved plant growth
parameters, while differences in gall numbers were not significant (P < 0.05) between
T. harzianum and T. viride. Application of Trichoderma species reduced the number of
galls and their size by more than 4 mm or <4 to 2 mm and the lower number of galls
and size were obtained from pots treated with T. harzianum.

On the other hand, oxamyl treatment achieved the lowest M. incognita reproduction
and damage severity as indicated by galls (14.00), egg masses (16.40), juveniles
(4.00/100g soil) and eggs (18.40) (Tables 4&5). Malformation in root shape was
detected by the large size of galls which increased root sternness, oxamyl treatment was
more effective in reducing root sternness (9.00 galls) compared with Trichoderma spp.,
T. harzianum (11.40) with insignificant (P < 0.05) differences (Table 4). Generally,
plant growth traits were improved in Trichoderma spp. and oxamyl treatments, over
positive control, although T. album, T. viride and T. harzianum did not necessarily
statically different (P <0.05) in tomato plants growth (Table 4).

For example, fresh root weight resulted from creative treatments by T. album, T.
viride and T. harzianum were 11.94,12.06 and 12.46 g, respectively. Moreover, the
number and weight of leaves statically not different (P <0.05) and scored 17.80 (32.27),
17.80 (30.00) and 18.40 (36.68), respectively.
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Table 4: Biocontrol efficiency of Trichoderma spp. in comparison with oxamyl on tomato plant growth parameters and root-knot nematode,
Meloidogyne incognita galls and egg masses.

Plant growth parameters

Nematode parameters

No. of

Leaves

Stem

Treatments Fresh root Fresh shoot : . No. No. galls > 4 No. galls <4 to 2
. . leaves weight diameter  No. galls
weight weight egg masses mm mm
/plant /plant (mm)
Healthy plants 27.552 94.432 23.00° 38.662 6.60? 0.00¢ 0.00¢ 0.00¢ 0.00¢
Infected plants 10.554 49.34¢ 13.60¢ 24.64¢ 4.20¢ 70.40? 87.60? 16.00? 33.60°
T.album+M.incognita 11.94¢ 68.79¢ 17.80¢ 32.27° 5.80 55.60P 69.80° 13.20° 20.60P
T.viride+M.incognita 12.06% 63.22¢ 17.80¢ 30.00¢ 5.20° 41.60° 68.00° 12.40° 15.80¢
T.harzianum+M.incognita. 12.46° 76.69¢ 18.40" 36.68° 6.40% 36.20° 49.80° 9.80° 11.40
Oxamyl 16.81° 86.18° 19.80° 36.26° 5.60¢ 14.00¢ 16.40¢ 0.80¢ 9.00¢

Each value is a mean of five replicates.

The same letter (s) in each column indicates no significant differences at P <0.05 according to Duncan's multiple range test.
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On other hand, stem diameter in T. harzianum (6.40) exceeded that found in oxamyl
treatment and surpassed another Trichoderma spp. In general, plant growth parameters
and reproduction of M.incognita were affected by Trichoderma spp. with less
effectiveness when compared with oxamyl.

Under greenhouse conditions, a positive correlation was recorded between root
weight and Trichoderma concentrations (Wajahat et al., 2021). Besides T. harzianum
proved to be a good promoter of root growth (Erazo et al., 2020) and significantly
increased shoot weight, also T. harzianum showed slightly increases or decreases in
plant parameters than T. viride (Mukhtar, 2018) through decreasing the effect of the
nematode on plant height, stem diameter, number of leaves, and root fresh weight
(Hernandez-Ochandia et al., 2015). A significant positive correlation was found
between Trichoderma spp. as biocontrol agent against RKNs and their chitinolytic
activity, where T. asperelloides, was the most promising chitinolytic species,
demonstrating the greatest activity against M. incognita (Sayed et al., 2019).A direct
effect of plant growth and nematode population density reduction extended to 90 days
after inoculation with no significant differences between treatments (Devi and Richa
Sharma, 2002).

In general, Trichoderma isolates increased top fresh weights and reduced galling
indices. The fungus-nematode interactions included several direct and indirect
mechanisms that took place in soil and plant roots (Spiegel et al., 2007). The obtained
results in Table (5) revealed that all tested Trichoderma spp. as BCAs were
relatively reduced galling and egg masses/root as compared with infected plants.
Moreover, Trichoderma spp. significantly decreased egg numbers and J2/100 g soil
subjected to treatment with 1x10°% spores/ml. In the three Trichoderma spp.
treatments mean numbers of M. incognita J2 and eggs were higher than oxamyl
treatment scoring 12.40 (83.40), 16.20 (68.80), 10.60 (62.00) and 4.00 (18.40) with T.
album, T. viride, T. harzianum and oxamyl, respectively. Also, the numbers of galls
and egg masses per root system on the tested tomato cultivar 016 with T. album, T.
viride, T. harzianum and oxamyl were 55.60(69.80), 41.60(68.00), 36.20(49.80) and
14.00(16.40), respectively. The parallel values of their RGI and EI were
4.20(4.80), 3.80(4.00), 3.00(3.20) and 2.20 (2.40) respectively. On the other hand,
the total number of J2/100 g + eggs/100 g and Rfs were 95.80 (1.676), 85.00
(1.487), 72.60 (1.270) and 22.40 (0.392), respectively.

RKN infections increased the levels of reactive oxygen species (ROS; H20; and O2)
and lipid peroxidation in tomato roots. These free active radicals caused damage to
plant cells. Root colonization with T. harzianum significantly reduced the levels of
ROS, malondialdehyde, and electrolyte leakage, which were associated with increased
accumulation of multiple secondary metabolites such as cellulose, and flavonoids,
lignin and phenols 75 days after inoculation with M. incognita. Moreover, T. harzianum
inoculation before RKN infestation significantly increased the activity of pathogenesis-
related proteins such as B-1,3-glucanase, chitinase, protease, and amylase (Yan et al.,
2021). Trichoderma spp. are a beneficial root endophyte colonized root that can reduce
infections by parasitic nematodes by triggering host defense (Martinez-Medina et al.,
2017).

Several Trichoderma spp. strains have been tested in pots to induce plant defense
mechanisms against Meloidogyne in tomato plants (Pocurull et al., 2020). In the shoot
system, accumulation of total chlorophyll and some enzymes, such as chitinase,
phenylalanine ammonia-lyase (PAL), and peroxidase, which are known to confer
systemic resistance, increased significantly in inoculated plants as a result of modulated
phenylpropanoid pathways (Singh et al., 2017).
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Table 5: Galling and reproduction of Meloidogyne incognita on tomato plants
treated with Trichoderma spp. under greenhouse conditions.

Number of No. of egg No. No. Reproduction
Treatments galls/roots  masses/root J2/100 g eqggs/ factor

(RGD* (ED s0il 100g soil (Rf)
70.40° 87.60 @ 22.40° 110.00 @

Infected plants (4.20) (4.80) 2.317

T.album+M.incognita 55.60° 69.80° 12.40°¢ 83.40° 1676
(3.80) (4.00) '

T. viride+ M. incognita 41.60°¢ 68.00 ° 16.20° 68.80 ¢ 1.487
(3.40) (4.00) '

T.harzianum+M.incognita 36.20¢ 49.80 ¢ 10.60 ¢ 62.00 ¢ 1970
(3.00) (3.20) '

Oxamyl 14.00 ¢ 16.40 ¢ 4.00¢ 18.40¢ 0392
(2.20) (2.40) '

Rf = Final population/Initial population. Final population= No. J2/ 100g soil +No. eggs/100g
soil/Initial population.

*Root-gall index (RGI) or egg mass index (EI) calculated according to Taylor and Sasser (1978) as:
0 =no galls or egg masses, 1=1-2; 2 = 3-10; 3 = 11-30; 4 = 31-100 and 5 = more than 100 galls or
€gg masses.

Resistance and tolerance are genetically independent and should be evaluated
separately as well as, nematodes reproduction levels on plant tissues are used to
measure plant resistance while tolerance used to show damage level. Application of
bio-agents increased the level of Peroxidase (PO), polyphenol oxidase (PPO),
Phenylalanine (PAL) and superoxide dismutases (SOD) in tomato roots during different
times of observation followed by SOD, while PPO and PAL were observed in low
quantity (Abd-Elgawad and Kabeil, 2012, Chandrawat et al., 2018). Induced systemic
resistance in inoculated roots with Trichoderma is responsible for reduction in root
penetration and retarding nematode development within all life stages (Spiegel et al.,
2007).

Trichoderma species colonization on tomato roots:

To prove the efficiency and antagonistic potential of Trichoderma spp. against M.
incognita, small parts from infected tomato roots were subjected to reisolation on
nutritive media. Trichoderma album, T. harzianum and T. viride were found in roots
of plants grown in soil previously inoculated with concentrations of 10° spore/ml
(Fig.1). Sixty days after inoculation, the Trichoderma growth varied depending on the
efficacy of tested species. Moreover, T. harzianum induced a high growth response in
tomato plants compared with T. album and T. viride.

s
T. album

T. harzianum T. virid

Non inoculated

Figure. 1: Tomato root colonization proof by re-isolation of the tested Trichoderma
spp. from tomato root after 60 days of Meloidogyne incognita inoculation.
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In the present study, the bio-control activity of Trichoderma spp. can be explained
by the ability of Trichoderma to inhibit J2 of M. incognita in the rhizosphere and reduce
reproduction (galls formation and egg masses) of nematode or population density in
roots and pot soils of tomato. These positive effects of Trichoderma may be varied with
different plant species; thus the genetic base of such interactions seems not to be
predominant and respond positively or negatively to different strains.

Trichoderma strains must colonize plant roots (Martinez-Medina et al., 2017) and
produce host defense before stimulating plant growth and protecting against infections.
Colonization implies the ability to adhere and recognize plant roots, penetrate the plant,
and withstand toxic metabolites produced by the plants in response to invasion by a
foreign microorganism, whether pathogen or not (Benitez et al., 2004). Rhizosphere
modification means the ability of some applied BCAs to change in microhabitat
conditions in favor of BCA growth and survival such as Trichoderma spp. (Benitez et
al., 2004). All the investigated Trichoderma species became established in the soil and
their populations grew over time besides, isolated earlier from soil and egg masses and
nematode females extracted from the tomato-infected roots (Jaideep et al., 2008;
Sankaranarayanan et al., 2002; Yaziji et al., 2013). In contrast, the population of
nematodes decreased over time through rhizosphere competence and antagonistic
potential (Mujeebur Rahman Khan et al., 2018; Rao et al., 1997). Biological control
with Trichoderma spp. are suitable for managing wilt disease complex associated with
RKN infection because of the antagonistic fungus control disease complex consisting
of soilborne fungal disease such as Fusarium oxysporum f. sp. lycopersici and RKN
and when used T. viride (Pinki Meena et al., 2020, Singh and Prasad, 2015).

CONCLUSION

Successful potential use and evaluation of Trichoderma spp. as BCAs in managing
phytonematodes is a key to complex interactions with beneficial microbes and plants in
the soil ecosystem. Effective Trichoderma colonization, competence, production
enzymes, the absorption of nutrients from the soil and enhancements of root system
architecture development promotes plant growth parameters and are probably linked to
the largest long-term effects on productivity. Resistance of Trichoderma to several
agrochemicals makes it a favorite for integrated plant disease management based on a
combination of physical, chemical, and biological means. Therefore, the current study
provided information on the resistance and tolerance of tomato plants to M.incognita
under greenhouse conditions. The application of Trichoderma with other BCAs will be
encouragement growers in developing countries for protecting valuable crops under
field conditions in integrated pest management (IPM) programs and rechecked
synthetic pesticides in PPNs management since BCAs are valuable and inexpensive
tools against the uncritical use of pesticides.
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