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Abstract: In South Asian countries, the lucrative production of peaches has been seriously threatened
by an assortment of biotic stresses especially nematodes. This situation compromises the achievement
of sustainable development goals (SDGs) related to food security and zero hunger. Recently under
changing climate, root-knot nematodes of the genus Meloidogyne have emerged as the most damaging
phytopathogenic nematodes, while the efficacy of chemical control has remained limited. Therefore, a
study was executed to assess the efficacy of four biocontrol agents including Pochonia chlamydosporia,
Purpureocillum lilacinum, Trichoderma harzianum, and T. viride (at concentrations of 2.5 x 103,5 x 103,
7.5 x 10%,and 1 x 10*) along with nematicide Rugby and a control treatment against Meloidogyne
javanica on peach. The response variables included nematode infestations in terms of number of
galls, egg masses, and reproductive factors. P. lilacinus and T. harzianum (1 x 104 concentration)
reduced the number of galls by 18% and 16%, respectively, than the control. All biocontrol agents
exhibited their effectiveness by significantly reducing number of egg masses, eggs per egg mass, and
reproductive factors, while these remained statistically at par to each other. The study proved that
application of these biocontrol agents holds potential for controlling root-knot nematodes and might
be developed as a potent strategy to replace or at least reduce the use of traditional chemicals for

avoiding environmental pollution and contamination.
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1. Introduction

Globally, the sustainable development goals (SDGs) especially poverty alleviation
and zero hunger are directly linked with the sustainable productivity and profitability of
agricultural produce. Among stone fruits, peach (Prunus persica (L.) Batsch) occupies a
central position as it is grown in all habitable continents of the world. China presently
produces the majority of the world’s peaches, which are predominantly sold in the domestic
market, while in Pakistan, it is the second largest produced stone fruit after apricots [1]. In
Pakistan, peaches constitute a fundamental source of livelihood for thousands of farmers
in the provinces of Khyber Pukhtunkhwa and Baluchistan as well as in Pothwar zone of
Punjab province [2]. It has been cultivated on an area of 14,700 hectares with 55,800 tons of
production [3]. The lucrative production of peaches and nectarines has been threatened for
many years by an assortment of biotic factors including diseases, like peach leaf curl and
peach tree short life (PTSL), and nematodes [4-12]. However, phytopathogenic nematodes
have economic significance in stone fruits’ production and revenue generation. Globally,
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these nematodes have been reported to incur a colossal loss of over USD 173 billion annually
on different agricultural crops. The root-knot nematodes of the genus Meloidogyne are the
most damaging ones and ranked on top of all phytopathogenic nematodes [13-15].

Over 100 species of Meloidogyne have been explored worldwide thus far, which have
been found distributed in temperate, tropical, and equatorial regions of the world [16-19].
Root-knot nematodes have been found seriously infecting peaches and have become a
severe issue for the majority of peach growers and nurserymen in many regions having
tropical and Mediterranean climates [13,20-22]. Root-knot nematodes cause reduction in
fruit production of many economically important species of Prunus including Prunus persica.
Among different species of root-knot nematodes, Meloidogyne incognita and M. javanica are
the most common in peach and plum orchards [22,23]. In Pakistan, both the species are
predominant as sole and mixed populations [19,24]. Several methods are used to control
root-knot nematodes [25-37], but growers frequently utilize chemical nematicides because
other management methods have some specific drawbacks [38]. The usage of nematicides,
however, is frequently linked to health risks and environmental contamination. Due to the
broad spectrum activities of most of the pernicious chemical nematicides, beneficial soil mi-
crobes are badly affected resulting in a rapid resurgence of soil-dwelling phytopathogens.
As a result, the development of new, safer, and environmentally friendly methods for
managing root-knot nematodes has become essential in order to achieve sustainable devel-
opment goals of zero hunger, poverty alleviation, and environment protection especially in
developing countries of South Asia.

Among various substitutes used to phase out the use of chemical nematicides, deploy-
ment of biological control agents is considered as one of the feasible options. These agents
can be used singly or in combinations with other nematode management approaches. A
myriad of biological control agents have been reported to be effective against root-knot
nematodes [39-43]. One of the fungal biocontrol agents, Pochonia chlamydosporia, which
parasitizes females and eggs of root-knot nematode, is distributed worldwide. It has shown
a great potential for the effective management of root-knot nematodes [44,45]. Another fun-
gus, Purpureocillium lilacinum, infecting ova and females of root-knot nematodes, has also
been found effective in causing mortalities of embryos of nematodes in 5 to 7 days [39,46,47].
Similarly, Trichoderma harzianum and T. viride have been extensively investigated throughout
the world and proved effective in the management of root-knot and many other plant
pathogenic nematodes [43]. These fungal biocontrol agents have different mechanisms of
action to maintain the nematode populations at low levels; however, their efficacy tend
to reduce under severe attack of nematodes that necessitates conducting fresh studies to
assess and sort out more effective biocontrol agents.

As scientific information available pertaining to the effectiveness of biocontrol agents
(P. chlamydosporia, P. lilacinum, T. harzianum, and T. viride) against root-knot nematodes
on peach is scant, therefore, the present investigations were carried out to assess the
comparative effectiveness of these biocontrol agents with an ultimate aim to find out a
biologically viable management option for M. javanica in peach.

2. Materials and Methods
2.1. Preparation of Inoculum of M. javanica

The biocontrol agents (Pochonia chlamydosporia, Purpureocillium lilacinum, Trichoderma
harzianum, and T. viride) were tested against the nematode, M. javanica, which was obtained
from a single egg mass and mass produced on a highly susceptible tomato cultivar (money
maker) as described by Zhang et al. [48]. The eggs were obtained from the infected roots by
treating them with 300 mL of 1% sodium hypochlorite (NaOCl) in a tightly closed bottle.
The roots in the bottle were shaken vigorously for the dissolution of gelatinous egg masses
and release of eggs. The resultant suspension was passed through 150 um sieve to remove
roots and then through 38 pum to collect eggs. The eggs were then rinsed using a 38 pm
sieve to wash off residues of the bleach and back-washed in a beaker. The eggs were then
placed on extraction trays for emergence of second-stage juveniles. The freshly hatched
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(2448 h old) juveniles thus obtained were used in the evaluation of fungal biocontrol
agents in pot experiments.

2.2. Soil Used for the Experiment

A soil comprising of 55% sand, 20% silt, 24% clay, and 1% organic matter with pH
of 7.6 was used in the assay. The soil was sifted through a 3.5 mm mesh sieve to remove
pebbles and plant residues. The soil was sterilized with formalin and filled in pots.

2.3. Evaluation of Biocontrol Agents for Their Effectiveness against M. Javanica
2.3.1. Mass Production of Biocontrol Agents
Pochonia chlamydosporia

Barley seeds were crushed, washed over a 53 pm mesh sieve, and blot dried. These
were then blended with rough sand in a 1:1 (v/v) ratio and left to dry partly until readily
crumbled. A 200 mL volume of this culture medium was added into 500 mL conical flasks,
autoclaved at 15 psi for 30 min, and then allowed to cool with shaking. The autoclaved
media in the flasks were inoculated with five 7 mm diameter plugs of purified culture
of P. chlamydosporia grown on corn meal agar and incubated for three weeks at 25 °C.
The flasks were shaken on alternate days for uniform colonization of the fungus. Three
weeks after incubation, the colonized sand/bran medium was cleansed using sieves of
250, 53, and 10 um mesh using a gentle stream of water to wash off sand and bran.
The fungal propagules were then collected on a sieve of 10 pm mesh. The deposited
material on the sieve was further rinsed to wash off conidia and small hyphal fragments,
and the chlamydospores left on the sieve were blotted dry to remove extra moisture.
Chlamydospores were scraped off from the surface of the sieve and mixed with fine sand
(40-100 mesh) in a ratio of 1:10 (w/w), which served as an inert carrier. A subsample of 1 g
from this inoculum was dissolved in 9 mL of water, and the number of chlamydospores
per g of sand was counted with the help of a hemocytometer.

Purpureocillium lilacinum, Trichoderma harzianum, and T. viride

The inocula of P. lilacinum, T. harzianum, and T. viride were mass produced on ground
wheat grains. For this purpose, chopped wheat grains were soaked in water for approxi-
mately 12 h and blotted dry, and 250 g of these dried wheat grains were added into separate
500 mL flasks. The grains in the flasks were autoclaved at 15 psi for about 50 min and
allowed to cool down. The sterilized wheat grains in flasks were inoculated separately with
five 7 mm diameter plugs of purified cultures each of P. lilacinum, T. harzianum, and T. viride
grown on Potato Dextrose Agar. The inoculated flasks were then incubated at 25 £ 1 °C
for about 2 weeks. The flasks were agitated after every two days for uniform colonization
of the fungus. For counting spores, 1 g subsample from each colonized flasks were mixed
with 9 mL of water to make a spore suspension. Spores per g of the grains were counted
using a hemocytometer.

2.4. Evaluation of the Efficacy of Biocontrol Agents

The effectiveness of biocontrol agents viz. P. chlamydosporia, P. lilacinum, T. harzianum,
and T. viride against M. Javanica was assessed in a pot experiment. Each biocontrol agent
was mixed with formalin-sterilized soil at the rates of 2.5 x 102, 5 x 103, 7.5 x 103, and
1 x 10* chlamydospores or cfu per g of soil. Five kg of the biocontrol-amended soils
were then filled in earthen pots separately. The pots without any biocontrol agent were
kept as controls. For comparison with standard nematicide, Rugby was used. One week
after treatments, one healthy peach plant cv. ‘Early Grand’, which was one year old, was
transplanted in each pot. The plants were allowed to grow for two weeks to establish
roots in the soil. Two weeks after transplantation, the peach plantlets were inoculated
with 5000 freshly hatched (24-48 h of age) second-stage juveniles of M. Javanica. There
were five replications for each treatment. The pots were arranged following a completely
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randomized design in a glasshouse at 25 °C + 2 for seven weeks. The pots were irrigated
when required.

2.5. Data Recordings

After specified period, the plants were carefully removed, the roots were excised from
the shoots, carefully washed under tap water, and blotted dry. The data were recorded
regarding number of galls, egg masses, eggs per egg mass, root, soil, total population,
and reproduction factor of the nematode. The reproduction factor was calculated by the
following formula:

Reproduction factor = (Final population)/(Initial population)

The percent reductions in these variables were calculated compared with control as
mentioned below:

Reduction over control (%) = (uninoculated — inoculated)/uninoculated x 100

2.6. Statistical Analyses

All the data were subjected to analysis of variance (ANOVA) using Statistix 8.1 package.
The means were compared by Tukey’s Honestly Significant Difference Test HSD using the
SAS statistical package (9.2 Version, SAS Institute, Cary, NC, USA) at 0.05%. Standard
errors of means were calculated in Microsoft Excel 2016.

3. Results
3.1. Effect of Biocontrol Agents on Number of Galls

The analysis of variance regarding effects of biocontrol agents on number of galls
showed significant effects of biocontrol agents and their concentrations (p < 0.01). All the
four fungal biocontrol agents caused reductions in number of galls. The overall maximum
reductions were caused by T. harzianum and P. lilacinum followed by P. chlamydosporia, while
T. viride resulted in the minimum reduction in number of galls. All the biocontrol agents
caused reductions in galls in a dose-dependent manner. In the control treatment where
only nematodes were applied, the maximum galls were observed, while the highest dose of
10* spores/mL produced the minimum number of galls. When compared with nematicide,
Rugby reduced galls to the maximum level. The number of galls in each treatment at each
dose is given in Table 1, while their reductions compared with control are given in Table 2.

Table 1. Effectiveness of biocontrol agents on the number of galls produced by M. javanica on peach.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride
0 218 £19.13 ab 218 +£19.13 ab 218 £19.13 ab 218 £19.13 ab

2.5 x 103 210 +£ 10.00 ab 202 + 25.88 abc 214 +18.92 ab 232 +20.63a

5 x 10 204 + 10.20 abc 198 + 17.44 abc 190 £ 18.97 be 224 +17.61 ab

7.5 x 103 188 £ 23.87 be 168 £ 24.21 cd 166 £ 11.85 cd 192 + 23.02 abc

1 x 104 142 £ 23.71 de 124 +£19.03 e 120 £13.29 e 136 £ 18.67 de
Rugby 5247.00f 52 +£7.00 f 52 +£7.00 f 52 +7.00 f

+ depicts standard deviation while different letters within the same column exhibit significant difference at
p =0.05%.
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Table 2. Percent reductions in number of galls produced by M. javanica on peach by biocontrol agents,
compared with the control.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 0.00 0.00 0.00 0.00

2.5 x 10° 2.11 5.63 4.23 —0.70

5 x 10° 6.34 7.75 7.04 211

7.5 x 103 11.27 11.97 9.15 8.45

1 x 104 16.20 18.31 16.20 14.08

Rugby 21.83 21.83 21.83 21.83
3.2. Effect of Biocontrol Agents on Number of Egg Masses

The analysis of variance showed non-significant results for biocontrol agents (p > 0.05),

while their concentrations and their interactions were found to be significant (p < 0.05) vis a
vis effects of biocontrol agents on number of egg masses. Among treatments, the minimum
numbers of egg masses were observed where Rugby was applied. Similarly, all the biocontrol
agents resulted in reductions in numbers of egg masses. Among concentrations, the maximum
reductions were caused by the highest doses of the biocontrol agents (Tables 3 and 4).
Table 3. Effectiveness of biocontrol agents on the number of egg masses produced by M. javanica
on peach.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 210 £13.78 a 210 £13.78 a 210 £13.78 a 210 £13.78 a

2.5 x 10° 192 + 21.86 abc 182 +24.12 abed 186 + 17.00 abed 198 +17.44 ab

5 x 103 180 £ 17.89 abcd 162 + 12.51 bedef 164 £+ 11.90 bede 182 4 20.74 abed

7.5 x 103 152 £ 10.07 defg 156 £ 16.67 cdefg 138 £ 19.24 efg 148 £ 23.71 defg

1 x 104 130 £ 21.94 efg 128 £ 16.54 efg 122 +1825¢g 124 £+ 20.98 fg

Rugby 44 +938h 44 +938h 44+9.38h 44 +9.38h
+ dg};i;;s standard deviation while different letters within the same column exhibit significant difference at
p = 0.05%.
Table 4. Percent reductions in the number of egg masses produced by M. javanica on peach by
biocontrol agents, compared with the control.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 0.00 0.00 0.00 0.00

2.5 x 103 8.57 13.33 11.43 5.71

5 x 103 14.29 22.86 21.90 13.33

7.5 x 103 27.62 25.71 34.29 29.52

1 x 104 38.10 39.05 41.90 40.95

Rugby 79.05 79.05 79.05 79.05

3.3. Effect of Biocontrol Agents on the Number of Eggs Per Egg Mass

Likewise, as far as the number of eggs per egg mass were concerned, the analysis
of variance provided an almost similar result as observed in the case of the number of
egg masses. The maximum number of eggs per egg mass was produced by females of
M. javanica where no biocontrol agent was applied, while the minimum number was
recorded in the case of Rugby. Similarly, among biocontrol agents, the maximum reduction
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in the number of eggs was obtained at the highest dose of biocontrol agents, i.e., 10*, which
was at par with Rugby. The number of eggs produced by females were found to be dose
dependent. The number of eggs per egg mass in each treatment and at each dose are shown
in Table 5, and the percent reductions compared with control are given in Table 6.

Table 5. Effectiveness of biocontrol agents on the number of eggs per egg mass produced by M. javanica

on peach.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 284 +£16.79 a 284 £16.79 a 284 +£16.79 a 284 £16.79 a

2.5 x 103 278 +20.83 ab 268 + 19.44 abcd 272 4+ 14.35 abc 286 +17.72a

5 x 103 266 + 12.81 abced 262 + 12.88 abed 264 + 15.03 abed 278 + 16.06 ab

7.5 x 103 252 + 14.63 abcde 250 £ 14.14 abcde 258 £ 17.72 abcde 260 £ 21.91 abcde

1 x 104 238 + 21.31 cde 232 £12.00 de 238 + 14.28 cde 244 4+ 9.70 bede

Rugby 222 +14.83 e 222 £ 1483 e 222 £ 1483 e 222 £ 1483 e
pizdoeg;cozs standard deviation while different letters within the same column exhibit significant difference at
Table 6. Percent reductions in eggs per egg mass produced by M. javanica on peach by biocontrol
agents, compared with the control.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 0.00 0.00 0.00 0.00

25 x 103 211 5.63 4.23 —-0.70

5 x 103 6.34 7.75 7.04 2.11

7.5 x 103 11.27 11.97 9.15 8.45

1 x 104 16.20 18.31 16.20 14.08

Rugby 21.83 21.83 21.83 21.83
3.4. Effect of Biocontrol Agents on Populations of M. javanica

The biocontrol agents and their concentrations caused significant reductions in total

populations of the nematode (p < 0.05). The reductions caused by Rugby were found to be
the maximum amongst all the treatments. The biocontrol agents caused reductions in a
dose-responsive manner. The reductions were found to be the maximum at the highest dose.
With an increase in the dose of the biocontrol agent, there was a corresponding decrease
in the populations of the nematode and the relationships were found to be inversely
proportional. The populations of the nematode and their corresponding decreases over
control are shown in Tables 7 and 8.
Table 7. Effectiveness of biocontrol agents on the total population of M. javanica.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 61,510 £ 4915 a 61,510 £ 4917 a 61,510 = 4915 a 61,510 = 4917 a

2.5 x 10° 55,078 + 9271 abc 49,862 + 4617 abcde 51,998 =+ 5387 abcd 58,346 + 7832 ab

5 x 103 48,988 + 3620 bedef 43,582 + 4479 cdefg 44,466 + 4355 cdef 51,612 £ 3249 abcd

7.5 x 103 39,316 + 2045 efgh 40,052 + 5388 defgh 36,776 + 6530 fgh 39,832 + 8550 defgh

1 x 104 31,912 & 6194 gh 30,678 + 4920 h 29,896 + 4553 h 31,312 4+ 5747 gh

Rugby 10,590 + 2257 i 10,590 + 2258 i 10,590 £ 2257 i 10,590 £ 2257 i

+ depicts standard deviation while different letters within the same column exhibit significant difference at

p = 0.05%.
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Table 8. Percent reductions in the total population of M. javanica by biocontrol agents, compared with
the control.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 0.00 0.00 0.00 0.00

2.5 x 103 10.46 18.94 15.46 5.14

5 x 103 20.36 29.15 27.71 16.09

7.5 x 103 36.08 34.89 40.21 35.24

1 x 104 48.12 50.13 51.40 49.09

Rugby 82.78 82.78 82.78 82.78
3.5. Effect of Biocontrol Agents on the Reproductive factors of M. javanica

Significant effects of the various concentrations of biocontrol agents (p < 0.05) were
found on the reproductive factor of M. javanica, while the effects were non-significant in
case of biocontrol agents and their interactions (p > 0.05). Application of biocontrol agents
in the soil at all concentrations resulted in significant reductions in reproduction factor.
Reductions were found to be the maximum at an application rate of 10* spores/mL. Rugby,
with which the effectiveness of biocontrol agents was compared, resulted in the maximum
reduction of reproductive factor. It was observed that as the concentration of the biocontrol
agent increased, there was a corresponding decrease in the reproduction factors, which
were found to be inversely proportional to the doses of the biocontrol agents. Individual
reproductive factors at each concentration of the biocontrol agents and their respective
percent decreases are shown in Tables 9 and 10.
Table 9. Effectiveness of biocontrol agents on the reproductive factor.
. Pochonia — o Trichoderma Trichoderma
Concentration . Purpureocillium lilacinum . .
chlamydosporia harzianum viride

0 12.302 = 098 a 12.302 = 098 a 12.302 = 098 a 12.302 =098 a

2.5 x 10° 11.016 £ 1.85 abc 9.972 £ 0.92 abcde 10.400 + 1.08 abed 11.669 £+ 1.57 ab

5 x 103 9.798 £ 0.72 bedef 8.716 £ 0.90 cdefg 8.893 + 0.87 cdef 10.322 + 0.65 abed

7.5 x 103 7.863 £ 0.41 efgh 8.010 + 1.08 defgh 7.355 + 1.31 fgh 7.966 + 1.71 defgh

1 x 104 6.382 = 1.24 gh 6.136 = 0.98 h 5979 £ 091 h 6.262 £ 1.15gh

Rugby 2118 £0451 2118 £0451 2118 £0451 2118 £ 0451
+ depicts standard deviation while different letters within the same column exhibit significant difference at
p =0.05%.
Table 10. Percent reductions in reproductive factors by biocontrol agents, compared with the control.

Concentration Pochonia chlamydosporia  Purpureocillium lilacinum  Trichoderma harzianum  Trichoderma viride

0 0.00 0.00 0.00 0.00

2.5 x 103 10.41 18.94 15.45 5.12

5 x 103 20.33 29.11 27.72 16.10

7.5 x 103 36.10 34.88 40.16 35.20

1 x 104 48.13 50.08 51.38 49.11

Rugby 82.76 82.76 82.76 82.76

4. Discussion

Recently, for the control of root-knot nematodes in peaches, several management
options and strategies are being practiced, but the use of chemical nematicides remains
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the most widely adopted option despite having numerous limitations [2,5,22,25,30,32-34].
Due to broad spectrum activities of most of the pernicious chemical nematicides, benefi-
cial soil microbes are adversely affected resulting in a rapid resurgence of soil-dwelling
phytopathogens [49]. Thus, the development of new, safer, ecofriendly nematicidal chemi-
cals for the management of root-knot nematodes has become essential to enhance peach
productivity and increase the net returns for peach growers. Among various substitutes
used to phase out the use of chemical nematicides, deployment of biological control agents
might be considered a feasible option. These biocontrol agents can be used solely or in com-
binations with other nematode management approaches. A myriad of biological control
agents have been reported to be effective against root-knot nematodes [39-43,50,51], but
their effectiveness against root-knot nematodes of peach has not been studied. Therefore,
four biocontrol agents viz. P. chlamydosporia, P. lilacinum, T. harzianum, and T. viride were
comparatively assessed for their efficacy against M. javanica on peach. According to our
results, all biocontrol agents exhibited dose-dependent reductions in nematode infestations,
including the number of galls, egg masses, nematode populations, and reproductive factors
as compared to those achieved by the nematicide Rugby.

The reductions in different nematode infestation criteria caused by P. lilacinum were
found to be at par with other fungal biocontrol agents. The fungal biocontrol agent,
which is a good root colonizer and rhizosphere competitor, has been extensively studied
for its potential as a biocontrol agent. It has successfully controlled and inhibited many
plant parasitic nematodes, resulting in yield enhancements [39,46,47,52]. The underlying
mechanism of action involves the colonization of gelatinous matrices of Meloidogyne species
by the fungus, which forms a mycelial network and engulfs nematode eggs. The fungus
then penetrates the nematode mechanically as well as enzymatically with the help of
appressoria or simple hyphae [39]. These findings are in agreement with those of Morgan-
Jones et al. [53] who reported that penetration of eggshells of M. arenaria by fungal hyphae
resulted through small pores dissolved in the vitelline layer. After entering, the growth
and proliferation of the fungus starts in the eggs, which are in their early embryonic
development. When all the nutrients in the eggs are consumed, the mycelia enter and break
the eggshells and come out to cause infections in the eggs found in the surroundings. The
fungus has also been known to colonize juveniles found in the eggshells as well as the third
and fourth larval stages of the nematode on water agar [54].

Toxicity of culture filtrates of P. lilacinus has also been proved against nematodes [55,56].
When nematodes were exposed to different concentrations of culture filtrates of P. lilacinus,
their cuticles were ruptured causing deaths of nematodes within few hours [55]. Culture
filtrates of the fungus contain chemicals that have been identified and characterized. One of
such chemicals, a peptidal antibiotic designated as P-168, has been isolated and identified
and has been proved to have antimicrobial activity against a number of pathogens [57].

The present findings also proved the effectiveness of P. chlamydosporia in reducing infes-
tations by M. javanica on peach. The reductions caused by P. chlamydosporia were statistically
not different from other biocontrol agents. P. chlamydosporia (Verticillium chlamydosporium),
similar to P. lilacinus, has the potential to parasitize ova and adult females of root-knot
nematodes [53,58]. Although P. chlamydosporia has been recognized as a parasite of eggs
of nematodes, it can produce branched mycelial networks, which can beset eggshells of
nematodes [53,59,60]. The fungus enters the eggshells by making specialized structures
known as penetration pegs or appressoria. The fungus also produces lateral branches of
mycelia and results in the dissolution of chitin, lipid, and vitelline layers of eggshells [61].
Enzymes such as proteases and chitinases are known to be involved in the initiation of
infection process [62]. Different studies have also verified that isolates of P. chlamydosporia
can produce a variety of different subtilisins [62].

In a previous study, P. chlamydosporia was identified as the least effective among the
four evaluated biocontrol agents against M. incognita. However, the fungus exhibited
significant improvements in plant growth variables, which were not statistically different
from the other tested biocontrol agents. This decrease in the effectiveness of P. chlamy-
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dosporia was attributed to the use of an exotic population of the fungus, which was not
found effective against the indigenous population of M. incognita [63]. However, in the
present study, an indigenous isolate of the fungus was used against a different nematode
species, i.e., M. javanica. It has been proved that different isolates of P. chlamydosporia have
shown variations in aggressiveness against different root-knot populations. Likewise, dif-
ferences in parasitism by P. chlamydosporia isolates have also been noticed among root-knot
populations [64].

In the present assessment, both the species of Trichoderma caused reductions in root
galling, egg masses, fecundity, and reproductive factor of M. javanica. Many earlier studies
have shown good control of root-knot nematodes and many plants pathogenic fungi by dif-
ferent species of Trichoderma [65-68]. Trichoderma species being omnipresent dwell freely in
all types of soils and are frequently found in root ecosystems of plants. These opportunistic
fungi grow symbiotically and develop associations with various kinds of plants and fungal
species. Certain species of Trichoderma possess the capability to infect and grow on the root
surfaces of plants and can penetrate the epidermal cells [69]. As a result, the roots grow
and develop profusely resulting in an increase in productivity and resistance towards an
assortment of abiotic constraints, and the ability of the plants to imbibe minerals and nutri-
ents from the soil is significantly bettered. Likewise, the biocontrol potential of Trichoderma
species against plant pathogens can be ascribed to numerous mechanisms. Among these
vital mechanisms, production of antibiotics, competition, enzymatic hydrolysis, parasitism,
and induction of systemic resistance are considered noteworthy [70,71]. A large number
of biocontrol substances, catalysts, and activators like trichokonins, trichodermin, and
trypsin-like protease have been reported to be produced by different species of Tricho-
derma and have shown nematostatic and nematicidal activities against many nematode
species [72-74].

The extensively branched conidiophores of Trichoderma produce conidia, which can
stick to different nematode developmental stages. Attachment of conidia to nematode
and parasitism differs amongst fungal species and strains [65]. This process of infection is
frequently initiated with the development of fungal coiling and formation of appressorium-
like structures. T. harzianum colonizes isolated eggs and second-stage juveniles of M.
javanica [65]. For effective infection and parasitism of nematodes by Trichoderma species,
mechanisms for facilitation of entrance of the cuticles and/or eggshells of nematodes by the
fungus are essential. Lytic enzymes have been reported to be involved in the infection and
parasitism of Meloidogyne [75]. In addition to direct antagonism, several other mechanisms
and processes including secretion of various metabolites and induction of resistance in
host plants have also been found involved in the management of Meloidogyne species by
different species of Trichoderma [76]. Decrease in nematode galling and fecundity might
be a result of high rhizosphere capability of biocontrol agents as they can readily infect
and colonize roots and may decrease feeding sites for nematodes. The decrease in number
of galls may also be a result of the inability of a large number of nematodes to penetrate
the roots of plants. It is generally recommended that Trichoderma should be used prior to
planting of host plants in order to allow the fungus to establish efficiently in the soil or
rhizospheres of plants for obtaining greatest nematode control. These research findings
might serve as a basis to conduct further studies for evaluating more biocontrol agents
and their doses for developing biocontrol agents-based management option for M. javanica
in peach.

5. Conclusions

The present study explored the comparative efficacy of four biocontrol agents, namely,
P. chlamydosporia, P. lilacinum, T. harzianum, and T. viride, against M. javanica that infects
peach. Peach growers in the region have consistently faced nematode attacks, which ne-
cessitated the testing of farmer-friendly and environmentally beneficial strategies such as
biocontrol agents. The study demonstrated that biocontrol agents can act effectively as
nematicides. They can be successfully used to control root-knot nematodes, potentially



Sustainability 2023, 15, 13833 10 of 13

replacing or reducing the need for traditional chemical treatments and mitigating environ-
mental pollution. However, future research needs to investigate the impact of combining
these biocontrol agents with reduced doses of chemical treatments to develop an efficient
and biologically feasible control approach for M. javanica in peach.
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