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Abstract

Pea (Pisum sativum L.) is a grain legume, a member of the Leguminosae family. Root-knot nematodes cause severe losses ranging from 15 to 85%. Different species
of nematodes including root-knot nematodes reduce the yield of pea significantly. To control root-knot nematodes biological control is a more environment-friendly
approach. The main objective of the study is to assess the effect of different antagonistic microbes and their secretory metabolites to manage root-knot nematodes in
peas. Through this research, we aim to identify potential biological control agents that can be used as eco-friendly alternatives to chemical nematicides, contributing
to sustainable pest management practices in agriculture. For this purpose, firstly, a brinjal seedling was transplanted for inoculum development which was inoculated
with infective 2" stage juveniles of root-knot nematodes (Meloidogyne spp.) in Department of Plant Pathology research area, University of Agriculture Faisalabad (UAF).
Then two pea varieties viz. Matar sabaz and Pea-2009 were sown in pots and inoculated with nematode larvae after four weeks of sowing. Moreover, the management of
nematodes was done by using the antagonists and their secretory metabolites application. The data of different plant growth and nematode-related parameters was taken
and subsequently analyzed using analysis of variance and least significant difference test (LSD). Results showed that the antagonist's treatment subsequently controlled
root-knot nematodes (RKNs). Maximum plant/shoot length (47 cm), root length (25.25 cm), shoot weight (22.25 g) pod length (8.50 cm), No. of secondary shoots (8)
and minimum number of galls (2.5 cluster), was observed in plants treated with Bacillus spp. (T1) while maximum No. of fruits (5.75) was observed in plants treated with
Pseudomonas spp. (T2). Similarly, the number of nodules (7.50 clusters) primary shoots (5) Root weight (4.6 g) was observed in plants treated with Enterobacter spp. (T3).

Introduction are India, Ukraine, Germany, Australia, and the United States
[2].

Pea (Pisum sativum L.), a native crop of Southwest Asia,
is among the first crops cultivated by man [1]. It is grown
in lowlands during the winter and in highlands during the
summer [2]. It is a member of the Leguminosae family and a
rich source of nutrients. Peas are a nutritious food in protein
(27.8%), complex starches (42.65%), vitamins, minerals,

In Pakistan, Peas are grown on almost 22.43 thousand
hectares (ha) with production of 149.02 thousand tons but the
average yield is 6.32 tons/ha. which is 8.20% of the total area
under vegetables [4,5]. Pakistan ranks in 4™ position in terms
of pea production among the list of peas-producing countries

dietary fibers, antioxidant components, and phosphorus. it (6).

makes a superior diet for humans. Moreover, it is also utilized Various biotic factors considerably reduce the yield of
as animal feed [3]. Due to its nutritional value, it is consumed peas. Fungi and bacteria cause many diseases in peas such as
and exported globally. Currently, more than 87 countries are Powdery mildew (Erysiphe pisi), Downy mildew (Peronospora
producing dry peas in the world. The producers among them viciae) Ascochyta blight, and bacterial blight. In addition to this
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different nematode species like root-knot nematodes, pea
cyst nematodes, and root-lesion nematodes cause nematode
diseases [7]. Root-knot nematodes especially Meloidogyne spp.
have negatively impacted and emerged as a significant pest of
agricultural crops [8,9]. Nematode damages diversity of host
plants, such as weeds, fruits, vegetables, field crops, and field
crops [10]. Root-knot nematodes (Meloidogyne spp.) are a
significant class of endoparasitic plant parasites with a global
distribution. They exhibit a wide host range, rapid generation,
high reproductive rates, and are challenging to control due to
their endoparasitic nature [11]. Root-Knot Nematodes (RKNs)
are sedentary in nature with obligate parasitism in vascular
tissues of plant roots. They cause root galling and root lesions,
reduction of plant vigor, and rotting [12]. Moreover, fewer
feeder roots with less uptake of water and nutrients are also
the characteristic feature of RKNs which ultimately, results
in a lack of vigor and loss of yield [9]. In the Punjab region
Meloidogyne species, which cause root-knot nematodes, are
significant pests of many crops, harming equally the quality
and yields. But two main root-knot nematode species that
cause infections are M. Incognita and M. javanica [13]. Yield
losses caused by root-knot nematodes vary, but in vegetables
15% - 85% yield loss [12].

Present management strategies are chemical nematicides,
plant quarantines i.e., creating resistance, crop rotation,
cultural practices [14], and biocontrol mediators that have
been done to control nematodes. There have been efforts made
to find inexpensive and risk-free substitutes to chemicals or
pesticides, including the use of biological agents in plants
having nematicidal and nematostatic properties. a variety of
antagonists and medicinal plants that can effectively reduce
root-knot nematodes have been discovered [15-17]. The
purpose of this project is to evaluate the effect of different
antagonists on managing root-knot-causing diseases in peas,
secretory metabolites are helpful for that purpose to reduce
losses. Biocontrol agents (BCAs) are commonly employed to
manage various soil-borne diseases, including those caused by
Root-Knot Nematodes (RKN). BCAs enhance plant resistance
through several mechanisms, such as nutrient mobilization,
activation of resistance-related genes, and the production of
secondary metabolites like phenolics, alkaloids, saponins, and
antibiotics [18]. Bacillus thuringiensis Berliner and Bacillus
subtilis produce metabolites toxic to Meloidogyne spp [19].
Plant growth-promoting rhizobacteria (PGPR) such as B.
subtilis confer plant resistance to pathogens by releasing
phytohormones (e.g., Indole-3-acetic acid, cytokinins,
gibberellins, and ethylene) and enzymes like chitinases and
glucanases [20,21]. B. subtilis can Induce Systemic Resistance
(ISR) in plants by producing Salicylic Acid (SA) and activating
defense pathways [22,23]. Soil amendments using various
organic and inorganic materials are also commonly employed.
Biochar (BC), a carbon-rich material, is widely used as a
plant growth enhancer. Rhizobacteria are bacteria that have
a strong capability to colonize the rhizosphere [24]. Among
these, aerobic endospore-forming bacteria, primarily Bacillus
spp. and Pseudomonas spp., are dominant. They reside in the
rhizosphere and have the ability to combat plant-parasitic
nematodes (PPN) [25]. B. subtilis, commonly found in soil, has

been extensively studied. Other examples of rhizobacteria that
can reduce nematode populations include Serratia marsescens,
Pseudomonas  flourescens, Corynebacterium  paurometabolu,
Rhizobium etli, Bacillus mycoides, P. putida, and Stenotrophomona
sp. Additionally, B. thuringiensis produces parasporal crystals
during the stationary phase, which can have pesticidal
properties [26].

Material and methods
Collection of infected plants for inoculum development

Okra infected with root-knot nematodes after physical
identification was collected from the infected area for the
development of nematode inoculum in brinjal plants. After
three weeks plants were inoculated with the roots and soil
infected with Meloidogyne spp. The typical agronomic practices
were performed to maintain plants.

Sterilization of the soil

The sandy loam soil, consisting of silt, sand, clay, and
organic matter, was mixed thoroughly. It was then air dried
by spreading it on a wooden bench in a thin layer, which was
covered with a plastic sheet. After that, all the materials were
sieved, and the stones were removed. Formalin was used for
sterilization of the soil. For this process, formalin was mixed
into the soil and it was covered with a polyethene bag to prevent
vapors from escaping. After seven days the polyethene bag was
removed and the soil was mixed.

Inoculum development on brinjal plants

The research was done in the Department of Plant Pathology
research area, University of Agriculture Faisalabad. For the
development of inoculum of nematodes, Brinjal seedlings were
transplanted in the pots and inoculated with 2" stage juveniles
of root-knot nematodes.

Cultivation of pea plants and inoculation with Meloido-
gyne spp

Two varieties of pea viz Matar Sabaz and Matar-2009 were
acquired from Ayub Agricultural Research Institute (AARI),
Faisalabad. After that, these peas were planted in pots in the
plant pathology research area at the University of Agriculture
Faisalabad, for screening. Plants of peas were transplanted
into the infected soil in pots. Plants were observed for the
development of symptoms due to infection of Meloidogyne spp.

Bacterial culture preparation

Different bacterial antagonists viz. Bacillus spp.,
Enterobacter spp., and Pseudomonas spp. were collected from
the soil microbiology and biochemistry lab, ISES, University
of Agriculture, Faisalabad. Bacteria were grown on Nutrient
Broth (NB) to isolate pure colonies the aqueous suspension of
these bacteria (105 cfu/ml) was prepared in NB media. Secretory
metabolites were prepared by growing these bacteria in a
culture of nutrient agar and centrifuged overnight at 250 rpm,
the supernatant was collected from the culture to serve as
secretory metabolites.
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Management of Meloidogyne spp. different antagonists
and their secretory metabolites

Different bacterial antagonists viz. Bacillus spp., Enterobacter
spp., and Pseudomonas spp. were used for managing the
Meloidogyne spp. The experiment was conducted in Complete
Randomized Design (CRD) with five replications. Management
was done by inoculation with selected antagonists and their
secretory metabolites exogenous applications of antagonists
were done by foliar application and soil drenching.

Data recording

Plant growth parameters, including shoot length, Root
length, Number of primary shoots, Number of secondary
shoots, pod length, shoot weight, and root weight were
recorded after six weeks of inoculation.

Statistical analysis

The collected data were subjected to analysis of variance
(ANOVA) under a completely randomized design using Statistix
v. 8.1 (Steel, et al. 1997). Treatment means were compared
using the least significant difference (LSD) (p < 0.05).

Results

It was observed that the plants treated with treatment
Bacillus spp. exhibited maximum vigor by improving overall
plant growth and significantly decreased nematode infection.
Meanwhile, the least shoot length was observed in control.
i.e. plants only infected with M. incognita without any
supplementation, in comparison with those that exhibited
statistically similar shoot length. The plant growth parameters
like shoot length (cm), Root length (cm), shoot weight (g),
No. of secondary shoots, root weight (g), and pod length
were significantly enhanced in Bacillus spp. treated pots with
mean values (47 cm, 25.25 cm, 22.25, 5.75, 5 g, and 8.5 cm,
respectively) as compared to Pseudomonas spp. and Enterobacter
spp. However, the number of fruits (5.75) was found highest
in Pseudomonas spp. treated plants. The number of primary

shoots, root weight, and Nodules (cluster) were significantly
increased with mean values (5, 4.6 g, and 7.5 respectively) in
Enterobacter spp. treated plants. While the minimum number
of galls (2.5 clusters) was also observed in Enterobacter spp.
while a maximum number of galls were observed in control. In
the present trial, the minimum values of the above-mentioned
parameter shoot length(cm), root length (cm), number of
secondary shoots, and pod length (cm) were observed in
plants that receive the treatment Enterobacter spp. with mean
values (26.75 cm, 16.5 cm, 3.75, 2, 1.5 and 5.5 cm respectively)
(Table 1). Pseudomonas spp. treatment. Bacillus spp. showed
no significant decrease in the nematode population showed
somehow lowered the nematode population as compared to the
control.

In the present trial, treatments (control) were applied
without any bacterial treatment as shown in (Table 1).
Therefore, control treatments were used to compare bacterial
treatment. Apparently, the maximum number of galls
decreased (-22.22) were observed in pots that were only
infected with M. incognita and treated with Bacillus spp. (Table
2). However, the maximum values of parameter shoot length,
root length, nodules(cluster), number of secondary shoots,
and pod length increased by (70.990, 44.28, 53.33, 62.50, 150,
and 88.88 respectively) were observed in plants that received
the treatment Bacillus spp. followed by Pseudomonas spp.
while the number of primary shoots, root weight, and mean
percentage values increased by (233.333 and 53.33 respectively)
were observed in plants treated with Enterobacter spp. followed
by Pseudomonas spp. and Bacillus spp. (Table 2). Maximum
percentage values in shoot weight increased by (43.18182) were
observed in plants treated with Pseudomonas spp. followed by
Bacillus spp. The maximum number of galls of nematodes were
observed in control plants in which no bacterial treatment was
applied. The effect of bacterial antagonist treatment on the
different plant growth parameters in Matar sabaz and Pea-
2009 varieties are shown in Figures 1,2. The mean square for
different growth parameters and number of galls is provided
in Table 3.

Table 1: Effect of different treatments of bio-control agents on plant growth parameter and no. of galls in nematodes.

s e e e e e e e

Bacillus spp. 17.25BC 5.33AB
Pseudomonas spp. 37.5B 19.5AB 4.2BC 4BC
Enterobacter spp. 29.5C 17.2BC 2.6C 7.5A
control 27.5C 16.5C 9A 2.25CD
LSD, ;6 5.413 2.863 1.8625 1.2750
Bacillus spp. 37B 25.25A 2.5C 3.5BC
Pseudomonas spp. 28.25C 21.75AB 3CD 3C
Enterobacter spp. 26.75C 19.5BC 2.75C 2.75C
control 23.5BC 17.5 ABC 5.75AB 2.5CD
LSD 4.375 2.875 1.7500 0.1875

0.05

1.25C 5.5AB 4.25AB 13.5BC 7.75AB
1.25C 5.25ABC 5.75A 3.5AB 15.75AB 6.5B
3AB 5C 3.2BC 4.6A 11.4C 5.7BC
1CD 5.25ABC 2C 3BC 11C 5.5BC
0.3750 2.7125 2.2500 0.2125 2.538 1.1262
2BC 575A 3BC 3.75AB 22.25A 8.5A
2.75AB 4 ABC 2.5CD 2.25CD 17B 5.75BC
5A 3.75BC 2.7CD 2.75BC 18B 5.5BC
1.5C 575A 2C 1.5C 16 AB 4.5C
1.1250 1.8125 0.6875 0.4375 2.188 1.30

Values are the mean of five replicated plants. Means followed by different letter(s) within a column are significantly different using LSD at p = 0.05 SL = (shoot length) RL =

(Root length), NG = (No.of galls), NN( No. of Nodules), NPS = (No. of primary shoot), NSS =

weight (g), PD = (Pod Length).

(No. of secondary shoots), NF(No. of fruits), RW = ( Root weight (g)), SW = Shoot

048
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Table 2: Mean Percentage values for different growth parameters and No. of galls.

Treatments shoot length Root length Gl No. of primary No. of secondary Root welght Shoot weight Pod Length
(cm) (cm) shoot shoots ()]

Bacillus spp. 7090909 14545455 222222 166.6667 22.22222 3333333 2272727  40.90909
P Se”gg:mas 36.36364 1818182  -55.5556 77.77778 25 16.66667 375 16.66667 4318182  18.18182
E”te;‘:; ‘j""ter 32.909091 12242424 -77.7778 211.1111 200 111111 25 53.33333 3636364  3.636364
Bacillus spp.  57.44681 4428571 521739 40 3333333 53.33333 50 150 300625  88.88889
P se”‘:g’:""as 20.21277 2428571 652174 20 83.33333 6.666667 25 16.66667 6.25 27.77778
En te;‘:; ?Cte' 23.82979 11.42857  -73.91 10 233.3333 46.66667 35 83.33333 12,5 22.22222
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Figure 1: Effect of bacterial antagonist treatment on the different plant growth parameters and number of galls in the Matar sabaz variety.
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Figure 2: Effect of bacterial antagonist treatment on the different plant growth parameters and number of galls in the Pea-2009 variety.

Table 3: Mean square for different growth parameters and number of galls.

T e e e e s wer wigowa reen |

Variety 133.755 132.104 0.10385* 0.06282* 0.51282 0.08205* 1.57051 0.8205 4.92821 3.4667

Treatment 370.317 14.45 1.7018 4.76216 0.26802* 7.62928 2.17793 7.62928 4.4018 12.2284
V*T 38.85 15.013 1.52613 4.75315 0.79054 0.36351* 0.29505* 0.36391* 5.00541 0.8185
Error 29.578 1.162 2.058 0.42* 1.768 0.85 1.768 1.608 3.068
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Discussion

Pea (Pisum sativum L.) is particularly important as an
annual vegetable in cold regions [27]. Pea seeds have 23% -
25% protein content, 50% digestible starch, and 5% sugars,
fibre, minerals, and vitamins [28]. M. incognita also known as
the Root-Knot Nematode (RKN) is among the most common
soil-borne organisms that infect a diverse selection of plant
species [29]. Using biocontrol agents is essential to mitigate the
soil-borne diseases caused by plant pathogens and to ensure
the eco-friendly management of peas. These biological agents
can inhabit the plant’s rhizosphere and effectively control
diseases through various mechanisms, such as antibiosis,
mycoparasitism, competition, cell wall degradation, inducing
resistance, and promoting plant growth [30]. Results showed
that Maximum shoot weight was observed in Bacillus spp.
similar studies were also observed by [31] that the application of
B. subtilis with BC increased the fresh and dry weight, in tomato
plants. Masmoudi, et al. [32] also noted that treatment with
Bacillus velezensis FMH2 promoted the growth of tomato plants,
including improvements in root structure, plant elongation,
leaf emission, fresh and dry weights. This might be due to the
release of some phytohormones by the B. subtilis in the root
zone i.e. Indole Acetic Acid (IAA) and Gibberellic Acid (GA3)
and mobilization of essential nutrients like N, P, K+, Ca2+, and
Mg2+ [33]. Wafaa, et al. 2019 [34] found that the combination of
Bacillus sp. and B. subtilis significantly reduced the population
of second-stage juveniles (J2) in soil, as well as the formation
of galls and egg masses in roots. Additionally, the combination
of Bacillus sp. and B. pumilus significantly reduced J2 in roots.
When used in pairs, Bacillus spp. was more effective against
M. incognita. Maulidia, et al. 2020 [35] reported that Bacillus
thuringiensis AKo08 effectively controlled Meloidogyne sp.
by reducing galls in roots, the number of nematodes in both
roots and soil, and by increasing the incubation period on
tomato plants. These effects were likely due to nematotoxic
compounds or extracellular hydrolytic enzymes produced by
the bacteria, which destroy the nematode eggshell and juvenile
cuticle. Similar studies are also observed in current findings in
which the minimum number of galls were observed in Bacillus
spp. This might be due to PGPR such as Bacillus sp. confers
pathogen resistance to plants by releasing phytohormones
(IAA, cytokinin, GA, and ethylene) as well as enzymes such
as glucanases and chitinases [20,21]. Plants can develop an
Induced Systemic Resistance (ISR) when Bacillus sp. produces
salicylic acid (SA) and activates defense mechanisms [22,23].

Baliyan, et al. 2022 [36] reported that Bacillus cereus strain
MENS demonstrated the ability to enhance seed germination
parameters (such as germinated seeds) and stimulate plant
growth, including root and shoot length, as well as the overall
plant weight of chickpeas. Adeleke, et al. 2021 [37] reported
that Bacillus cereus strain T4S was found to enhance sunflower
growth, including taproot length, root length, root number,
root weight, seed weight, and shoot weight. Kumar, et al. 2020
[38] also demonstrated that Bacillus cereus strain LPR2, both
alone and in combination with silver nanoparticles (AgNPs),
effectively promoted maize plant growth, encompassing root
and shoot growth, as well as fresh and dry weight. This aligns

with our findings because the current study also illustrated that
Bacillus spp. led to an increase in pod length, shoot weight, and
root length This could be due to the reason that Bacillus cereus
significantly increased growth and photosynthetic ability in
plants by enhancing the activity of antioxidants. This increase
was evident in higher levels of proline, phytohormones,
antioxidant enzymes, and improved yield parameters.

Issifu, et al. 2023 [39] demonstrate that Pseudomonas strains
enhance plant growth, yield, and the presence of health-
related phytochemical substances in tomato fruits. In another
research, Alzate Zuluaga, et al. 2021 [40] reported that the
application of bacterial consortia led to a significant increase in
the number of trusses per plant. This is particularly noteworthy
as the number of trusses per plant correlates directly with
the number of fruits per plant. Significant differences in the
number of trusses were observed at 90 and 120 Days After
Inoculation (DAI). Pseudomonas monteilii (BF2P5-1) and P.
fluorescens (BF4P2-5) were particularly effective in producing
more trusses per plant. A higher number of trusses per plant
resulted in a significant increase in the number of fruit sets
(%), ultimately leading to a higher yield. This is in line with
the current finding because, in the current study, Pseudomonas
spp. also showed the maximum number of fruits. This might
be due to the reason that Pseudomonas moraviensis has traits
promoting plant growth, such as solubilizing phosphate,
producing Indole-3-Acetic Acid (IAA) playing an important
role in root elongation, and generating siderophores.

Bendaha, et al. 2019 [41] reported that notable enhancement
in plant height, root length, and dry weight resulting in
tomato plants by using Enterobacter strain EB8D inoculation
led to increased nutrient absorption, especially phosphorus,
as well as the production of phytohormones like Indole Acetic
Acid (IAA) and siderophores. Pérez-Rodriguez, et al. 2022
[42] observed that inoculation with Enterobacter 64S1 and
Pseudomonas 42P/ resulted in increased root and shoot dry
weight, stem diameter, plant height, and primary shoot in
tomato. In another research, Sharma, et al. 2023 [43] reported
that in greenhouse experiments, it was found that inoculation
with Enterobacter spp. isolate CM94 significantly increased the
shoot length, root length, and fresh and dry weight of chickpea
plants. Similar results were reported in the current finding in
which the maximum primary shoot’s root weight was observed
in Enterobacter spp. this might be due to various endophytic
strains having the potential to produce substances that promote
plant growth, such as Indole-3-Acetic Acid (IAA), siderophores,
and phosphatase for solubilization. Indole-3-acetic acid is
crucial for plant development, with L-tryptophan serving as
a physiological precursor for auxin biosynthesis in both plants
and microorganisms. Root exudates act as a natural source of
tryptophan for rhizospheric microorganisms, enhancing the
biosynthesis of phytohormones. Inoculating with PGPRs can
stimulate plant growth by producing phytohormones such as
indole-3-acetic acid [44].

Conclusion

The utilization of endophytic bacterium Bacillus spp.,
Pseudomonas spp., and Enterobacter spp. indicates its potential
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a biocontrol agent against Root-knot nematodes showing

positive effects on pea growth, including root weight, shoot
weight, shoot length, root length, number of galls, nodules,
pod length, number of secondary shoots, and number of
primary shoots. These rhizobacteria offer a viable selection
for enhancing soil fertility and controlling pathogens. The
importance of beneficial microorganisms in suppressing
soilborne plant diseases and promoting plant growth is evident.
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