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Abstract: Meloidogyne incognita, the root-knot nematode (RKN), a devastating plant parasitic nema-
tode, causes considerable damage to agricultural crops worldwide. As a sedentary root parasite,
it alters the root’s physiology and influences the host’s phytohormonal signaling to evade defense.
The sustainable management of RKN remains a challenging task. Hence, we made an attempt to
investigate the nematicide activity of Bacillus velezensis VB7 to trigger the innate immune response
against the infection of RKN. In vitro assay, B. velezensis VB7 inhibited the hatchability of root-knot
nematode eggs and juvenile mortality of M. incognita by 87.95% and 96.66%, respectively at 96 hrs.
The application of B. velezensis VB7 challenged against RKN induced MAMP-triggered immunity
via the expression of transcription factors/defense genes by several folds pertaining to WRKY, LOX,
PAL, MYB, and PR in comparison to those RKN-inoculated and healthy control through RT-PCR. Ad-
ditionally, Cytoscape analysis of defense genes indicated the coordinated expression of various other
genes linked to immune response. Thus, the current study clearly demonstrated the effectiveness of
B. velezensis VB7 as a potential nematicide and inducer of immune responses against RKN infestation
in tomato.

Keywords: tomato; M. incognita; B. velezensis VB7; qRT PCR

1. Introduction

Globally, root-knot nematodes (Meloidogyne spp.) are regarded as the most significant
of the plant-parasitic nematodes that infect horticultural crops. Meloidogyne spp. have been
observed on different crop plants since the 19th century [1]. Infestation by RKN causes
severe damage and yield reduction, accounting for a 15–35% loss in crop plants [2,3], and
is responsible for substantial economic losses throughout the world [4]. Despite being a
sedentary obligate parasite, RKNs are difficult to eradicate as they have a wide host range.
The association of Meloidogyne spp. with host plants leads to the formation of galls in
infected regions, wilting, and stunted growth [5–7]. As an obligate root feeder, it spends
most of its life within the host roots, which affects root physiology and influences the
host’s phytohormonal signaling to evade defenses and generate a nutritional sink. Many
strategies, including chemical, cultural, and biological methods, have been employed to
manage plant parasitic nematodes. However, the use of chemical nematicides alone for
nematode management has a severe environmental impact and becomes less effective over
time, prompting the development of alternative sustainable strategies. Consequently, the
use of bioagents has been considered as an alternative approach for the management of
plant parasitic nematodes [8,9]. Among the biological agents, microorganisms belonging to
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the genera Bacillus, Paenibacillus, Pseudomonas, Streptomyces, Alcaligenes, Agrobacterium, Ser-
ratia, Clostridium, and Desulfovibrio have been known to possess nematicidal properties [10].
Owing to the complex endophytic bacteria–plant networks and co-occurrence relationships
in roots, and due to the ability to enhance the immune response against nematode infec-
tion, bacterial endophytes have been explored to curb root-knot nematode infection [11].
They promote plant growth and counteract the plant’s parasitic nematodes through the
production of phytohormones, antibiotics, endospores, hydrolytic enzymes, and volatile
organic compounds (VOCs) and enhance the uptake of nutrients from the soil [12]. Several
Bacillus species such as B. velezensis [13,14], B. pumilus [15], B. megaterium [16], B. subtilis [17],
B. firmus [18], B. thuringiensis [19], and B. amyloliquefaciens [20] have been reported to be
effective biocontrol agents and activate Systemic Acquired Resistance (SAR) and Induced
Systemic Resistance (ISR) against root-knot nematodes. Extensive research into their molec-
ular biology has proven that beneficial bioagents can stimulate plant defense mechanisms
by releasing elicitors that activate the plant transcription factors and defense genes in-
volved in resistance to biotic and abiotic stresses [21]. In SAR, the hormone SA utilizes
the redox-regulated protein Non-Expressor of Pathogenesis-Related Genes 1 (NPR1) to
stimulate PR (pathogenesis-related) genes, a major group of genes associated with plant
defense [22], whereas jasmonic acid (JA) and ethylene (ET) signaling play a significant role
in regulating rhizobacterial-mediated ISR [23]. M. incognita triggered both local and sys-
temic defense responses in tomato plants by the applications of bioagents [24]. During the
interaction, several biomolecules with antifungal and nematicidal properties were induced
in the host plants. As a consequence, we attempted to investigate the differential expression
of five crucial and key defense genes in tomato plants during nematode interaction by the
application of B. velezensis VB7 through quantitative real-time polymerase chain reaction
(qRT-PCR) in order to better understand the resistance mechanisms against RKN. The
complex signaling network initiated upon pathogen attack enables the triggering of appro-
priate cellular mechanisms to defend the pathogen invasion by transcriptional mechanisms
that are directly linked with physical interactions between proteins (interactome) [25,26].
The protein–protein interaction (PPI) would be essential to actively regulate or modify the
resistance pathways as well as to select combinations of resistance genes that enhance their
durability. In addition, it also mediates the effector recognition, protein phosphorylation,
and transcriptional co-factor activation process. In the current study, the application of
B. velezensis VB7 during RKN infection was assessed for its potent nematicide activity and
its potential to reprogram the immune response to prevent RKN infection in tomato plants.

2. Materials and Methods
2.1. Isolations and Morphological Identifications of Root-Knot Nematode from Root Galls of Tomato

Tomato plants infested with nematodes were collected from four locations in the
Coimbatore district of Tamil Nadu, India: Thondamuthur (11◦00′35′′ N 76◦49′41′′ E; lat-
itude 10.9905, longitude 10.9905), Kuppanur (10.94′78.35′′ N, 76◦86′27.27′′ E), Thaliur
(11◦19′16.9′′ N, 77◦0′18.8′′ E; latitude 11.3183, longitude 77.0066) and Mathampatti (lati-
tude 10.9816015, longitude 76.8513025). Posterior cuticular patterns (PCP) of the isolated
RKNs were observed for the identification of nematodes [27,28]. The single matured fe-
male was carefully dissected out from the roots using a fine needle, forceps, and scalpel.
The posterior-most region of nematodes showing the vulval region was dissected and
trimmed carefully without disturbing the perennial pattern. The inner body contents were
removed and mounted on a glass slide containing dehydrated glycerol and observed under
a microscope. Isolated nematodes from the field were maintained as a pure culture under
greenhouse conditions at the Department. of Plant Pathology, Tamil Nadu Agricultural
University for further studies.

2.2. Molecular Characterization of Root-Knot Nematode

Molecular characterization was carried out to confirm the nematode species. Method-
ology reported by [29] was followed for the isolation of DNA from individual females and
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juveniles (J2) using a worm lysis buffer. The polymerase chain reactions were carried out us-
ing the primers of TW 81 (F)-GTTTCCGTAGGTGAACCTGC AB 28(R)-ATATGCTTAAGTTC
AGCGGGT. The PCR mixtures for 40 µL, containing 2 µL of template DNA, 20 µL of 2X Taq
PCR Master Mix (Takara, Shiga, Japan), 2 µL of 10 µM each primer, and 16 µL of ddH2O.
The PCR cycle included the following steps: initial denaturation at 94 ◦C for 5 min, followed
by 35 cycles at 94 ◦C for 30 s, annealing temperature of 56 ◦C for 45 s and extension with
72 ◦C for 1 min, with a final extension step for 10 min at 72 ◦C. A measure of 10 µL of PCR
product was loaded onto a 1% stained agarose gel in TAE buffer and electrophoresed at 75 V
for 45 min at 400 Ampere. To quantify the size of the amplified genomic products, a 100 bp
DNA ladder was utilized, and the gel photographs of the PCR results were documented.
The amplified genomic product was sequenced by Eurofins Genomics Biotech Pvt. Ltd.,
Bangalore, India. Gene homology searches were performed using NCBI BLAST. Sequences
were compared with different M. incognita isolates retrieved from the GenBank database.
Newly obtained sequences were submitted to the GenBank database (New York, NY, USA),
and accession numbers were obtained. Phylogenetic analysis was performed with MEGA7
software [30].

2.3. Preparation of Nematode Inoculum

Eggs collected from severely infected galled tomato roots were used as nematode
inoculum. To separate the eggs from the gelatinous matrix, the roots were chopped into
pieces of 1–2 cm, placed in a 500 mL plastic container, filled with 1.5% chlorine solution,
and shaken violently for 3 min. The suspension was then rinsed many times with running
water through a 250 mm sieve, the eggs being collected on a sieve with a mesh size of
20 mm. After 4 days of incubation at 25 ± 2 ◦C, the hatched second-stage juveniles (J2)
were collected from the egg suspension using a modified Baermann dish. The hatched
second-stage juveniles (J2) were collected and utilized for the experiments.

2.4. Testing the Nematicidal Activity of Bacterial Endophytes against RKN

The six bacterial endophytes such as B. velezensis VB7 (MW301630), B. velezensis
(MW301615), B. subtilis (MW301629) B. haynesii (MW301614), B. licheniformis (MW331690),
B. subtilis (MW331691) were obtained from the Department of Plant Pathology, Tamil
Nadu Agricultural University (TNAU), Coimbatore. The effect of the bacterial strains with
nematicide activity on the second-stage juveniles (J2) of the M. incognita was evaluated
by their mortality rate and the hatching ability of the egg mass. The bacterial culture
was inoculated into LB broth and maintained in an orbital shaker at 150 rpm at room
temperature (28 ± 2 ◦C) for 48 h to ensure the uniform bacterial growth. Supernatants
were collected by centrifugation of bacterial suspension at 10,000 rpm for 10 min, which
contained no viable bacteria. The supernatants were diluted at a ratio of 1:1, 1:5, 1:10 and
1:15, using sterile water. A measure of 3 mL of diluted cell-free bacterial suspension was
transferred into a 6 cm Petri dish and inoculated with a 2-egg mass for each replication with
periodical aeration. The Petri dishes were incubated at 28 ± 2 ◦C at room temperature, and
the percentage of hatching were observed at 24 h, 48 h, 72 h, 96 h after inoculation. Similarly,
for mortality assay, hatched second-stage juveniles (J2) were adjusted to the concentration
of 50 juveniles mL−1. A measure of 2 ml of nematode suspension (100 juveniles) was
inoculated into 6 cm Petri plates containing a 3 mL cell-free bacterial suspension. Three
replications were maintained and incubated at room temperature (28 ± 1 ◦C). After 24,
48, 72 and 96 h, the number of surviving and dead individuals were recorded using a
1 ml Hawksley counting slide. Percentage mortality was calculated by following the
formula Mortality (%) = [C1 − C2/C1] × 100, where C1 is the number of live juveniles
released, and C2 is the number of alive juveniles counted. Analysis of variance was used to
conduct a statistical analysis of the data collected from in vitro experiments. For analysis of
variance (ANOVA), DMRT was performed using SPSS 20.0 (IBM, SPSS statistics 20) with a
significance threshold of 0.05.
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2.5. Preparation and Applications of Liquid Formulations of B. velezensis VB7 and Inoculation of
M. incognita

The bacterial inoculum used for this experiment was prepared as per the standard
protocol [31]. The single colony of bacteria was inoculated into LB broth, which was then
maintained in an orbital shaker at 150 rpm at room temperature (28 ± 2 ◦C) for 48 h to
ensure uniform bacterial growth. The culture broth was mixed with 1% glycerol (10 mL),
1% tween 20 (10 mL), and 1% poly vinylpyrrolidone (10 g). The mixture was incubated in
an orbital shaker at 200 rpm for 5 min to ensure uniform mixing. The bacterial suspension
of the liquid formulation was adjusted to 5 × 108 CFU mL−1 [32]. The pots were filled
with a sterilized potting mixture containing red soil, sand, and cow dung manure at 1:1:1
w/w/w. Later, 20-day-old tomato seedlings were transplanted into a pot. After 5 days of
transplanting, the soil was drenched with a liquid formulation of B. velezensis VB7 at 1%
suspensions (5 × 108 cfu/mL). After transplanting the tomato seedlings to pots, a hole
was made by inserting 4 sterile glass rods around the plants. The rods were removed after
2 days, and a juvenile suspension of one juvenile/gram of soil was injected into the holes
and covered with autoclaved soil.

2.6. RNA Extraction and Quantitative Real-Time PCR

A real-time polymerase chain reaction (RT-PCR) was performed with the RNA sam-
ples extracted from the tomato plants at 0, 3, 5, and 7 days after treatment with B. velezen-
sis VB7 challenged with RKN to confirm the differential expression of selected defense
genes/transcription factors in different treatments. For every treatment, three replications
were maintained; for each replication, five plants per pot were maintained. Twenty-day-old
tomato hybrid (Shivam) seedlings were transplanted at five seedlings per pot in the potting
mixture. Five days after planting, seedlings were drenched with 1% B. velezensis VB7. Total
RNA was isolated from the rhizosphere samples pertaining to eight different treatments,
including T1-Healthy control, T2-Inoculated control (RKN), T3-B. velezensis VB7, and T4-
B. velezensis VB7 + RKN at different intervals on 0, 3, 5, and 7 DAI, using Trizol reagent
(Sigma Aldrich) [33]. Furthermore, the quality of RNA was analyzed using a nanodrop at
an absorbance ratio of A260/A280. A Thermo Fischer Scientific-Revert Aid First Strand
cDNA Synthesis Kit (Catalogue number K1622) was used to synthesize cDNA from RNA.
A good quality nucleic acid ratio of 1.8 + 2.0 was used for qRT-PCR analysis. Quantitative
real-time polymerase chain reaction was performed using cDNA, diluted to 10-fold. The
BIORAD CFX manager system was used to perform the experiment. The qRT-PCR reaction
was carried out for 20 µL volume containing 3 µL of cDNA template, 10 µL of SYBR Green
master mix (KAPA SYBR @ FAST for Light Cycler 480, Cat-KK4610), 0.8 µL of forward
primer, and 0.8 µL of reverse primer, at a concentration of 10 mM. The protocol for the PCR
reaction involved initial denaturation at 95 ◦C for 10 min, denaturation at 95 ◦C for 30 s
with amplification of 40 cycles, 58 ◦C for 30 s (Annealing), and 72 ◦C for 30 s (extension),
respectively. The standard melting temperature was followed for analysis. The defense
genes, including Pathogenesis Related Protein-1 (PR1), Lipoxygenase (LOX), Phenylalanine
Ammonia Lyase (PAL), and the TFs of WRKY33 and MYB were selected for the analysis
of MAMP-triggered immunity by drenching the soil with B. velezensis VB7 @ 108 cfu/mL
against RKN infection in tomato. Three biological replicates and two technical replicates
were maintained for every individual gene for its expression studies. Statistical analysis
was carried out to find the fold changes in gene expression using the formula ∆∆Ct = ∆Ct
sample − ∆Ct reference. The relative fold changes in the transcript level were represented
graphically by converting the ∆∆CT value to 2−∆∆CT [34]. The software TIBCO Spotfire
Analyst 7.11.1 was used for the statistical analysis of relative fold change.



Genes 2023, 14, 1335 5 of 19

2.7. Protein-Protein Interaction

Defense-related proteins and transcript genes in tomato plants play a significant role
in protecting tomato plants against RKN infection. Protein–protein interactions were
examined using the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins
database version 10.0) database [35]. The co-expression of proteins, a fusion of genes,
and data mining are implemented in the STRING database to determine the interacting
functional proteins, the number of protein domains, as well as their associating partners
in a particular domain for understanding the functional relevance. The protein–protein
interaction network was analyzed for defense-regulating genes, including transcription
factors and their interacting proteins, including PR1, WRKY33, MYB, LOX and PAL through
Cytoscape. Cytoscape (3.9 version) software was used for visualizing molecular interaction
networks and integrating these interactions with gene expression profiles for analyzing the
data. Functional enrichment was performed using the STRING enrichment map tool for
the chosen ten proteins and their associated partners (Saravanan et al. 2022).

2.8. Statistical Analysis

All the experiments were analyzed independently. The treatment means were com-
pared by Duncan’s Multiple Range Test (DMRT) (Gomez and Gomez 1984). The package
used for analysis was SPSS version 16.0., developed by IBM Corporation, with a critical
difference at p = 0.05 and interpreted.

3. Results
3.1. Morphological and Molecular Confirmation of RKN

The matured female M. incognita was excised for the preparation of the PCP. The
perineal pattern of all four M. incognita females appeared with typical characteristics,
including round to oval-shaped, high dorsal arch with substantial wavy striae and no
lateral lines under a microscope (Figure 1A,B). The isolates of the root-knot nematode
M. incognita were characterized through PCR using the 18S rRNA gene. The amplicon
size of approximately 600 bp was amplified, and the PCR product was resolved on 1.2%
agarose gel (Figure 2A). The amplified and purified genomic product was sequenced by
Eurofins Genomics Biotech Pvt. Ltd., Bangalore, India. The sequence analysis of four
RKN isolates using NCBI BLAST revealed a nucleotide sequence homology of 50–100%
with their existing isolate. Based on the sequences, the nematode was confirmed as M.
incognita, and the same was submitted to NCBI GenBank with the accession numbers
MW662288, MW662261, OQ129945, and OQ121829. The phylogenetic analysis of RKN
isolates confirmed the presence of three different clusters. The Neighbour-Joining tree of
18S rRNA sequences of M. incognita isolates was constructed with bootstrap values of more
than 500 and indicated that the nodes as a percentage vary with each cluster (Figure 2B).
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Figure 2. (A) Molecular characterization of M. incognita. L1—100 bp ladder, L2 to L5—M. incognita
isolate with an amplicon size of ~600 bp PC—Positive Control, NC—Negative control. (B) Phylo-
genetic tree for M. incognita. The isolated M. incognita isolates were used in the present study are
highlighted with red box.

3.2. Efficacy of Culture Filtrate of Bacterial Endophytes against Egg Hatching and Juveniles’
Mortality of Root Knot Nematode (RKN) M. incognita In Vitro

The six bacterial endophytes such as B. amyloliquefaciens (MW301630), B. velezensis
(MW301615), B. subtilis (MW301629), B. haynesii (MW301614), B. licheniformis (MW331
690), B. subtilis (MW331691) were screened against egg hatching and juvenile mortality
in vitro. The cultural filtrates of bacterial endophytes at different concentrations, viz., 1:1,
1:5, 1:10, and 1:15 dilutions, were screened for their efficacy on egg hatching and juveniles’
mortality. Among them, a 1:1 dilution concentration of B. velezensis VB7 effectively inhibited
97.50% of the egg hatching and 87.65% of the juvenile mortality of M. incognita after
96 h exposure, followed by B. haynesii, which accounted for an 81.13% inhibition of egg
hatching and 75.33% of J2 mortality (Figure 3A,B). The other isolates inhibited RKN in the
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range of 75% to 56% and 69% to 54% pertaining to egg hatching inhibition and juveniles’
mortality, respectively. The lowest inhibitions of 65.27% for egg hatching and 54.66% for
juveniles mortality were recorded from B. subtilis (MW331691) in comparison with control
(Tables S1 and S2).
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Figure 3. Efficacy of culture filtrate of bacterial endophytes on egg hatching and juveniles’ mortality
of root knot nematode (RKN) M. incognita in vitro. (A) Percentage of inhibition of egg hatching.
(B) Percentage of juvenile mortality. Error bars indicate the standard deviation obtained from
three replicates. Analysis of variance was performed through DMRT. Means followed by different
letters indicate significant differences (p < 0.05; n = 5) between treatments. T1-B. velezensis VB7,
T2-B. hyensii, T3-B. velezensis, T4-B. subtilis, T5-B. licheniformis, T6-B. subtilis, T7-LB broth (Control),
T8-Water (Control).
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3.3. Induction of MAMP Triggered Immunity by B. velezensis for Expression of Defense Genes in
Tomato against RKN

The current investigation was conducted to determine whether the expression levels
of PR1, WRKY33, MYB, LOX, and PAL were influenced by B. velezensis VB7 with or without
RKN challenge inoculation in tomato plants using different treatments.

3.4. WRKY 33

The transcript level of transcription factor WRKY 33 increased in all the treatments
at 3 DAI and was maintained up to 7 DAI. Even at 0 DAI, in all the treatments it was
upregulated, except in the RKN-inoculated plants. The transcript level increased 2.51-fold
in B. velezensis VB7 challenged with RKN, followed by 1.89-fold increases in B. velezensis VB7
without RKN when compared to both inoculated control (0.46-fold) and healthy control
(0.3-fold) at 7 DAI. A comparison with the other treatments indicated that B. velezensis
VB7-inoculated plants with or without RKN showed a greater level of expression in all the
intervals than RKN-inoculated control as well as healthy control. However, the expression
level of WRKY 33 was characteristically downregulated at all the intervals in untreated
RKN-inoculated plants, except at 0th DAI (Figure 4A).
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and (E) Phenylalanine Ammonia Lyase defense genes in tomato plants treated with B. velezensis VB7;
observations at different time intervals post-inoculation with RKN (0th, 3rd, 5th and 7th DAI) under
mono-, di-, and tri-trophic interactions. HC—healthy control, RKN—inoculated control (Root Knot
Nematode), VB7—B. velezensis VB7, VB7 + RKN—B. velezensis VB7 + RKN. Error bars represent the
standard error of the mean values of three independent replicates. All treatments are significantly
different from each other at p < 0.05. For each gene and time point, bars with different letters indicate
statistically significant differences between treatments.

3.5. PR1 Proteins

With respect to various treatments, the PR1 gene was characteristically downregulated
in all the treatments on the 0th day, except in the healthy tomato rhizosphere. Upregulation
of the transcript PR1 was noticed at the 3, 5, and 7th DAI in all the treatments, except
in the inoculated control. The level of expression in the RKN-inoculated control was
downregulated up to the 5th DAI of RKN, whereas a 0.2-fold upregulation of the transcript
was noticed at 72 h. The maximum level of induction of the PR1 gene was observed up to
2.05-fold in the tomato rhizosphere soil drenched with B. velezensis VB7 challenged with
M. incognita. It was subsequently followed by a 1.67-fold increase in B. velezensis VB7
alone applied soil at 7 DAI. Further, upregulation of PR1 was noticed in the untreated
healthy control at all the intervals with a lower level of PR1 transcript than in the rest of the
treatments. The plants treated with bioagents inoculated with RKN performed better in the
induction of PR1 transcript rather than B. velezensis VB7 (Figure 4B).

3.6. Lipoxygenase (LOX)

Upregulation of LOX transcript was maximally induced in tomato plants applied with
B. velezensis VB7 challenged with RKN compared to the inoculated and healthy control.
Initially, the level of expression in the RKN-inoculated control was downregulated up until
3 DAI, whereas the level was upregulated on the 5th DAI and again downregulated on
the 7th DAI. The plants treated with B. velezensis VB7 inoculated with RKN increased the
LOX transcripts at all intervals after soil drenching with bioagents. LOX transcripts were
induced up to 1.8-fold in the B. velezensis VB7 with the presence of RKN at 7 DAI. This was
followed by 1.64-fold PR1 expression at 3 DAI after treatment. However, in the healthy
control, transcript levels were increased up to 0.1-fold till 3 DAI, and subsequently, the
transcripts were downregulated on 5 and 7 DAI (Figure 4C).

3.7. Myeloblastosis Related Proteins (MYB) TFs

MYB TFs is vital for the regulation of several physiological and biochemical processes
in plant systems, including phenylpropanoid metabolism, plant hormone responses, and
defense responses during pathogen interaction. Irrespective of the treatments, the expres-
sion of MYB transcript level was slowly upregulated from 0 DAI to 5 DAI. However, it was
downregulated at 7 DAI which was also observed in healthy control. The transcript level
was drastically raised by up to 2.2-fold in plants treated with B. velezensis VB7 inoculated
RKN at 5 DAI; the level was not maintained as it was downregulated at 7 DAI. Further, soil
drenched with B. velezensis VB7 had a 1.47-fold increase in MYB, whereas, in the absence
of a challenge inoculation with RKN, it was decreased at 7 DAI. At all intervals, the MYB
level was raised in the healthy control. However, in the RKN-infected control, the level
of MYB increased initially (0.1-fold) at 0 DAI, and subsequently, it was downregulated at
3 and 5 DAI and slightly increased (0.3-fold) at 7 DAI (Figure 4D).
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3.8. Phenylalanine Ammonia Lyase (PAL)

The transcript level of PAL was downregulated in the RKN-inoculated control for up
to 72 h. At 0 h for all the treatments, PAL was downregulated, except in the RKN-inoculated
control. The transcript level in B. velezensis VB7 + RKN, B. velezensis VB7 alone treatments
was upregulated and was maintained up to 7 DAI. The transcript level of PAL increased
from 1.10 to 2.25-fold in the rhizosphere soils of tomato plants treated with B. velezensis
VB7 challenged against RKN. Similarly, even in the absence of RKN, the transcript level
of PAL increased up to 1.9-fold in tomato plants drenched in B. velezensis VB7 alone at
7 DAI. However, the activity of PAL was downregulated at 5 DAI in the healthy control
(Figure 4E).

3.9. Protein-Protein Interactions

The conserved domains of defense-related genes were clustered together in a network,
which was analyzed using STRING to understand more about their functional partners.
In the present study, the protein–protein interaction of WRKY revealed the existence of
a broad protein family with a wide range of targets; its interaction with Brassinosteroid
insensitive protein was associated with a phosphorylation-mediated signaling cascade
of several novel transcription factors, including those of the protein kinase family, E3
Ubiquitin, protein kinase and other phosphatase enzymes involved in immunity. The
cooperative and antagonistic functional interactions of WRKY factors were associated with
the functions responsible for the enhancement of the defense response in plants (Figure 5A).
During the interaction, the PR1 proteins were co-associated with LOX, PAL, jasmonate
synthase, and MAMP Kinase and were linked to the regulation of immune responses against
the infection of the pathogen (Figure 5B). Furthermore, LOX was interconnected with
phospholipase, catalase isozyme, Putative ethylene protein, and with conserved domains
in LOX linked with amino acid residues of lipid-associated proteins (Figure 5C). The MYB
proteins also co-exist with SOD, Catalase isozyme, and other putative proteins (Figure 5D).
PAL regulates the synthesis of many phenylpropanoid derivatives from phenylalanine
and was responsible for resistance against nematode infection by producing lignin, and it
served as a physical barrier against infection from RKN. Further, PAL was co-associated
with AMP-dependent synthetase and ligase binding protein, 4 coumarate CoA ligase, and
Trans cinnamate-4-monooxygenases (Figure 5E).

The functional enrichment analysis (FEA) provided insight into potential targets to
improve the resistance of tomato plants to various biotic and abiotic stresses. The merging
of WRKY33, PAL, PR1, MYB, and LOX resulted in the formation of an enlarged network
comprising the interlinking of many nodes. Functional enrichment analysis resulted in
the formation of more than five clusters. A heat cluster map was generated based on
the functional relevance of each of the proteins. In the enrichment map, each cluster
was linked with the co-expressed protein to indicate the commonality and the difference
observed with the five defense proteins and their interaction partners. Based on the
enrichment map, domain, and pathway information of the five proteins, LOX was linked
with linoleic acid metabolism, oxidoreductase, dioxygenase, lipoxygenase, phospholipase,
and PLAT/LH2 conserved domains. PAL was linked with the AMP binding enzymes,
ubiquinone biosynthesis, CoA-ligase, chalcone synthase, polyketide synthase, and thiolase-
like domains. The PR1 gene was associated with carboxylic acid biosynthesis, fatty acid
metabolism, and oxidoreductase activity. MYB was coordinated with peroxidase activity
and the fatty acid biosynthesis process. The WRKY transcription factor was associated with
heterocyclic compound binding and the cellular anatomical entity, which are responsible
for regulating the defense mechanisms (Figure 6).
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4. Discussion

Root colonization by endophytic bacteria, also considered a Plant Growth Promoting
Rhizobacteria (PGPR), is a safe alternative for the management of plant-parasitic nema-
todes [36–40]. Colonization of roots by bacterial endophytes on the root system resulted
in the reduction of the nematode population by disrupting the cuticle and eggshell of the
nematode. Thus, it prevented infection and the development of viable inoculum [18]. In the
present study, the morphological character of M. incognita was circular to oval-shaped with
a high dorsal arch coupled with smooth and wavy striae without any lateral lines onto the
Perennial Cuticular Pattern (PCP). Similar to our results, the perineal cuticular pattern of
M. incognita in tomato was characterized by a dorsal arch, coarseness, and smooth-to-wavy
striae, without any lateral ridges with a whorled tail [41]. Our phenotypic description of
RKN was also found to corroborate the findings of other groups [42,43]. The efficacy of
bacterial endophytes against the hatchability of juveniles and their mortality was tested
at different concentrations of culture filtrates of B. velezensis VB7. Our results indicated
that an increased concentration of culture filtrate from endophytes increased nematicidal
activity by preventing hatching capacity, and in addition, it also increased its mortality
rate. In our study, B. velezensis VB7 enhanced the nematicidal effect with a 97.65% inhi-
bition of egg hatching and an 87.66% reduction in the mortality of the juveniles at 96 h
compared to other Bacillus spp. Consistent with our findings, Tian et al. [13] reported that
within 12 h of exposure of M. incognita juveniles to the B. velezensis-25 broth, there was
a 100% mortality rate, and egg hatching was prevented. Similarly, Jamal et al. [20] and
Tadigiri et al. [44] found that B. amyloliquefaciens Ba-14.5 followed by B. subtilis Bs-13.9
(82.33%) were suppressed egg hatching by 86.0% and 82.33%, respectively. Further these
bioagents also enhanced the mortality rate of M. incognita J2s in addition to promoting
plant growth. The culture filtrate of B. firmus also induced the mortality of J2 juveniles and
prevented the hatchability of M. incognita eggs [45]. The application of B. velezensis BZR 86
suppressed the infection of M. incognita in cucumber and tomato plants while promoting
plant growth [10]. Bacillus sp. and Pseudomonas sp. isolates reduced the number of egg
masses and the population of M. incognita in soil (Vetrivelkalai,2019) [46]. Apart from
the direct nematicidal action, Nematode Associated Molecular Patterns (NAMPs) activate
MAPKs and the JA/SA signaling cascade, leading to the activation of genes involved in
MAMP-triggered immunity [47]. Recently, many investigations [13,48–51] have revealed
that B. velezensis triggers the genes associated with SA and JA in plants and stimulates
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the defense response against nematode infection, resulting in reduced disease progression
in various crops. Similar to these studies, the present study also found that the genes
associated with the synthesis of SA and JA were induced by B. velezensis VB7 in tomato
to defend against attacks from M. incognita. Likewise, the genes associated with defense
responses were also activated in tomato plants co-inoculated with the bacterium and the
nematode (Shukla et al. 2018).

In addition to the induction of defense genes, the transcription factor WRKY 33, co-
ordinated with the expression of the defense response against pathogen infections [52],
was also induced to enhance the immune response against RKN [53,54]. In response to
the ingress of nematodes in the host plants, WRKY 33 also induced systemic resistance
in the earliest phases of infection [55]. Similarly, we also observed the accumulation of
WRKY33 transcripts associated with tomato defense against RKN. Hence, the applications
of B. velezensis VB7 also activated a systemic resistance and thus have suppressed RKN due
to the induction of transcription factors linked with defense genes contributing towards the
suppression of the relationship between tomato and RKN. Similarly, the over-expression of
WRKY 33 resulted in the induction of a resistance against Heterodera schachtii due to the ac-
tivation of the MKK phosphorating cascade responsible for the synthesis of camalexin [56].
An increase in the expression of WRKY 33 transcript in tomato plants was due to the interac-
tion of B. amyloliquefaciens against GBNV [32]. The up-regulation of WRKY11 and WRKY17
genes in M. incognita-infested Arabidopsis thaliana roots indicated that these transcription
factors functioned as positive regulators for the activation of defense against RKN [57]. The
WRKY23 was expressed during the early stages of feeding, leading to reduced infection
by the cyst nematode H. schachtii [51]. There are several other reports indicating that the
upregulation of WRKY genes triggered an immunity to biotic stress [54,58–63]. Similarly,
the present investigation also confirmed the early induction of WRKY genes responsible for
the suppression of RKN in tomato. The WRKY TFs induced NPR1, which in turn bound
to pathogen-responsive cis-acting W-box promoter elements in PR1 genes responsible for
the induction of PR1 and other defense-related genes (Kuźniak et al. [64] and Vanthana,
et al. [65]. As PR1 played a significant role in the suppression of nematode infection in the
host plants, the activation of PR1 in the tomatoes against RKN might have also suppressed
the host nematode relationship in the tomatoes during the present investigation. Similarly,
the PR transcript increased by 2.5 to 5-fold in tomato plants treated with Bacillus sp. and
thus prevented the ingress of M. incognita [66]. The application of B. velezensis v-25 to the
cucumber plants induced the expression of PR1 and PR3 and thus suppressed the infection
of M. incognita [13].

For the expression of the defense gene, PAL regulated the synthesis of phenylpropanoid
derivatives from phenylalanine and served as a potential wound defender and physical bar-
rier against nematode infections [67]. Antimicrobial phytoalexins formed by the interaction
of PAL and other resistance-inducing co-associated proteins activated the defense enzymes
that curb nematode infection. As per the earlier school of thought, we were also able to ob-
serve the multifold increase in PAL activity pertaining to the interaction of B. velezensis VB7
challenged with RKN. Thus, an increase in the activity of PAL transcripts might have not
only increased the tomato plant defense, but also might have contributed to the suppression
of RKN infection in addition to the direct nematicidal action of B. velezensis VB7.

MYB TF is vital for the regulation of several physiological and biochemical processes
in plant systems, including phenylpropanoid metabolism, plant hormone responses or
defense responses during pathogen interaction [68]. In response to pathogen infection,
MYB activates hypersensitive cell death and thus increases plant defense through the
Jasmonic acid-dependent pathway [69]. In the present study, transcript levels of MYB also
increased during interaction with B. velezensis VB7. The infection of root-knot nematode
in plants leads to rapid accumulations of JA in roots, and its subsequent transport to the
leaves activates the plant’s defense mechanism against the nematode infection [70]. In
plants, resistance against nematodes and other phytopathogens is also mediated through
the induction of LOX transcripts. Plants that are deficient in the production of either JA or
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12-oxo-phytodienoic acid (OPDA) are more vulnerable to nematode infection [71]. In our
studies, the upregulation of the LOX gene was maintained up to 7 DAI, a higher transcript
level was noticed in the plants treated with B. velezensis VB7 challenged against RKN. Thus,
the increase in the activity of LOX transcripts might have promoted OPDA, leading to
the synthesis of JA. The increase in JA might have resulted in the suppression of RKN
apart from the direct nematicidal action imposed by B. velezensis VB7. Martinez-Medina
et al. [72] and Ghahremani et al. [18] observed that the JA biosynthesis-related gene, Lox D,
was up-regulated in tomato by the application of bioagents that inhibit the development
of the nematode and its reproduction. B. firmus I-1582 and B. amyloliquefaciens QST713
stimulated the genes responsible for the induction of SA and JA in cotton to defend against
M. incognita [73]. Similarly, the drenching of the tomato root zone with B. velezensis VB7
has also stimulated the gene transcripts responsible for the hormones associated with the
ISR pathway.

The defense-related regulatory proteins in plants are co-induced in response to
pathogen attacks, indicating the existence of a complex interaction with other proteins [74].
During nematode infection, the coordinated expression of several proteins was involved
in the upregulation of the signaling of several phytohormones, including reactive oxygen
species (ROS), MAPK-mediated cascades, and WRKY transcription factors responsible for
the activation of constitutive and systemic defenses [59]. The protein–protein interaction
studies clearly indicated the interaction of genes involved in defense responses with one
another through their cross-linkages, which were visualized in the STRING database. The
protein–protein interaction network can be constructed within the genes involved in resis-
tance as well as transcription. Defense-related phytohormones such as salicylic acid (SA)
and Jasmonic acid were triggered in response to pathogens and elicitors (JA). WRKY factors
have a vital part in stimulating plant resistance to necro-trophic pathogens through the co-
expression of defense genes via different biosynthetic pathways contributing towards the
synthesis of antimicrobial phytohormones [75]. The tomato plants treated with B. velezensis
VB7 challenged with RKN induced the expression of defense gene transcripts pertaining to
PR1, PAL, LOX, WRKY 33, and MYB. These transcripts might have concurrently triggered
several other pathways and proteins responsible for the inhibition of RKN infection via
the induction of SA, JA, and several transcription factors complementing to overcome the
biotic and biotic stress. Similar to our result, the plant resistance (R) proteins interact with
WRKY TFs and R-WRKY proteins, indicating transcriptional regulation for fast immune
responses [55]. Transcription factor MYB 30 encodes an activator for hypersensitive cell
death in response to pathogen attack, acting through the regulation of very long-chain fatty
acid synthesis and mediating the JA response [69]. MYB also induces the defense response
by co-interaction with SOD and catalase enzymes in relation to nematode infection. The
SA-responsive PR-1 and PR-5 genes were used as molecular markers for SAR activation in
tomato plants [76]. PR1 proteins interacted with MAPK, LOX, and EDS 1 and formed a
cross-linkage with conserved domains that suppressed the nematode infection due to the
activation of the SA response. Supporting to our finding, the tomato plants inoculated with
J2 of M. incognita enhanced the transcript level of PR1 and PR5 with respect to nematode
attack [21]. The upregulated LOX gene associated with JA synthase and catalase enzymes in
bioagent-treated plants might induce plant immunity against RKN [77]. Similar to our find-
ings, the expression of PAL, MAPK, WRKY 33, CERK, and LOX transcripts were enhanced
in banana plantlets bio-hardened with B. velezensis YEBBR6 against Foc KP, resulting in the
simultaneous promotion of multiple pathways and proteins necessary for Fusarium wilt
reduction in banana through the induction of both SAR and ISR [78]. Functional Enrich-
ment Analysis (FEA) of defense genes was performed to identify the functional categories
and biological pathways associated with defense genes in tomato plants. By identifying the
pathways and processes involved in plant defense, FEA can provide insight into potential
targets for improving the resistance of tomato plants to various biotic and abiotic stresses.
In the present study, defense genes were coordinated with core proteins that triggered an
immune response in tomato plants. Our study was in line with [78]. The differentially ex-
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pressed genes related to tomato resistance to root-knot nematode and identified pathways
were linked to plant defense response, including phenylpropanoid biosynthesis and plant
hormone signal transduction pathways identified through functional gene analysis [79].
Consequently, the present study demonstrated that the application of B. velezensis VB7
inhibited the infection of RKN and induced MAMP-triggered immunity via transcription
factor and resistance gene induction. The co-expression of the domains involved in innate
immunity was further validated by protein–protein interactions and functional enrichment
analysis, which confirmed that the application of biocontrol agents had the ability to induce
a defense response that resulted in the suppression of RKN infection in the tomato plants.
Therefore, the application of B. velezensis VB7 can enhance innate immunity, resulting in
the suppression of infection by RKN in tomato plants.

5. Conclusions

This investigation was carried out to understand the efficacy of the potential bacterial
endophyte B. velezensis VB7 on the hatchability of nematodes and its ability to induce
an innate immune response in tomato plants against an infection of M. incognita. The
culture filtrate of B. velezensis VB7 had nematicidal activity against M. incognita at different
concentrations. The applications of B. velezensis VB7 induced defense gene expression and
thereby suppressed the infection of RKN in tomato plants. Protein–protein interaction and
functional enrichment analysis also emphasized the role of different genes associated with
plant defense against RKN. The experimental results confirmed the ability of B. velezensis
VB7 to trigger the defense gene transcripts, including PR1. WRKY 33, MYC TFs, LOX
and PAL are responsible for the suppression of RKN in tomato plants, considering that
the deferrable attribute of B. velezensis VB7 can be explored as a novel bacterium for the
management of RKN in tomatoes in field conditions. The present experimental strategy of
understanding the expression of five defense genes that included WKRY 33, PAL, MYB,
LOX, and PR1 has been found to be varied and not constant during all the intervals with
responses to the application of bioagents confronted with RKN. The future investigation of
the mechanism of metabolites from bioagents and their response to the host towards RKN
infection will provide insight into their potential agricultural applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14071335/s1, Table S1: Bioefficacy of cultural filtrates of
bacterial endophytes on hatching of the egg at different concentrations; Table S2: Bio efficacy of
cultural filtrates of bacterial endophytes on mortality of juveniles at different concentrations

Author Contributions: S.N. conceptualized the research and was associated with technically guiding
and executing the research. V.K. performed experiments and prepared the manuscript. S.N. and N.S.
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: There is no financial assistance for the project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors extend their sincere appreciation to the Department of Plant Pathol-
ogy, DBT-BTIS facility at the Department of Plant Molecular Biology and Bioinformatics, Tamil Nadu
Agricultural University, Coimbatore, Tamil Nadu, India for providing facilities.

Conflicts of Interest: The authors declare that there is no conflict of interest.

https://www.mdpi.com/article/10.3390/genes14071335/s1
https://www.mdpi.com/article/10.3390/genes14071335/s1


Genes 2023, 14, 1335 16 of 19

References
1. Tileubayeva, Z.; Avdeenko, A.; Avdeenko, S.; Stroiteleva, N.; Kondrashev, S. Plant-parasitic nematodes affecting vegetable crops

in greenhouses. Saudi J. Biol. Sci. 2021, 28, 5428–5433. [CrossRef] [PubMed]
2. Phani, V.; Khan, M.R.; Dutta, T.K. Plant-parasitic nematodes as a potential threat to protected agriculture: Current status and

management options. Crop Prot. 2021, 144, 105573. [CrossRef]
3. Abd-Elgawad, M.; Askary, T. Impact of Phytonematodes on Agriculture Ecology, 3–49. Biocontrol Agents Phytonematodes; Askary, T.H.,

Martinelli, P.R.P., Eds.; CAB International Wallingford: Wallingford, UK, 2015; p. 480.
4. Sikora, R.A.; Fernandez, E. Nematode parasites of vegetables. In Plant Parasitic Nematodes in Subtropical and Tropical Agriculture;

CABI Publishing: Wallingford, UK, 2005; pp. 319–392.
5. Hawk, T. The Effects of Seed-Applied Fluopyram on Root Penetration and Development of Meloidogyne Incognita on Cotton and Soybean;

University of Arkansas: Fayetteville, AR, USA, 2019.
6. Mazzetti, V.C.G.; Visintin, G.L.; Valério, I.P.; Camera, J.N.; Deuner, C.C.; Soares, P.L.M. Reaction of soybean cultivars to Meloidogyne

javanica and Meloidogyne incognita. Rev. Ceres 2019, 66, 220–225. [CrossRef]
7. Sasanelli, N.; Konrat, A.; Migunova, V.; Toderas, I.; Iurcu-Straistaru, E.; Rusu, S.; Bivol, A.; Andoni, C.; Veronico, P. Review

on control methods against plant parasitic nematodes applied in southern member states (C Zone) of the European Union.
Agriculture 2021, 11, 602. [CrossRef]

8. Abd-Elgawad, M.M. Optimizing safe approaches to manage plant-parasitic nematodes. Plants 2021, 10, 1911. [CrossRef]
[PubMed]

9. Poveda, J.; Abril-Urias, P.; Escobar, C. Biological control of plant-parasitic nematodes by filamentous fungi inducers of resistance:
Trichoderma, mycorrhizal and endophytic fungi. Front. Microbiol. 2020, 11, 992. [CrossRef]

10. Migunova, V.D.; Tomashevich, N.S.; Konrat, A.N.; Lychagina, S.V.; Dubyaga, V.M.; D’Addabbo, T.; Sasanelli, N.; Asaturova,
A.M. Selection of bacterial strains for control of root-knot disease caused by Meloidogyne incognita. Microorganisms 2021, 9, 1698.
[CrossRef]

11. Kerry, B.R. Rhizosphere interactions and the exploitation of microbial agents for the biological control of plant-parasitic nematodes.
Annu. Rev. Phytopathol. 2000, 38, 423–441. [CrossRef]

12. Gamalero, E.; Glick, B.R. The use of plant growth-promoting bacteria to prevent nematode damage to plants. Biology 2020, 9, 381.
[CrossRef]

13. Tian, X.-L.; Zhao, X.-M.; Zhao, S.-Y.; Zhao, J.-L.; Mao, Z.-C. The biocontrol functions of Bacillus velezensis strain Bv-25 against
Meloidogyne incognita. Front. Microbiol. 2022, 13, 843041. [CrossRef]

14. Choi, T.G.; Maung, C.E.H.; Lee, D.R.; Henry, A.B.; Lee, Y.S.; Kim, K.Y. Role of bacterial antagonists of fungal pathogens, Bacillus
thuringiensis KYC and Bacillus velezensis CE 100 in control of root-knot nematode, Meloidogyne incognita and subsequent growth
promotion of tomato. Biocontrol Sci. Technol. 2020, 30, 685–700. [CrossRef]

15. Lee, Y.S.; Kim, K.Y. Antagonistic potential of Bacillus pumilus L1 against root-Knot nematode, Meloidogyne arenaria. J. Phytopathol.
2016, 164, 29–39. [CrossRef]

16. Huang, Y.; Xu, C.; Ma, L.; Zhang, K.; Duan, C.; Mo, M. Characterisation of volatiles produced from Bacillus megaterium YFM3. 25
and their nematicidal activity against Meloidogyne incognita. Eur. J. Plant Pathol. 2010, 126, 417–422. [CrossRef]

17. Kavitha, P.; Jonathan, E.; Nakkeeran, S. Effects of crude antibiotic of Bacillus subtilis on hatching of eggs and mortality of juveniles
of Meloidogyne incognita. Nematol. Mediterr. 2012, 40, 203–206.

18. Ghahremani, Z.; Escudero, N.; Beltrán-Anadón, D.; Saus, E.; Cunquero, M.; Andilla, J.; Loza-Alvarez, P.; Gabaldón, T.; Sorribas,
F.J. Bacillus firmus strain I-1582, a nematode antagonist by itself and through the plant. Front. Plant Sci. 2020, 11, 796. [CrossRef]
[PubMed]

19. Yu, Z.; Xiong, J.; Zhou, Q.; Luo, H.; Hu, S.; Xia, L.; Sun, M.; Li, L.; Yu, Z. The diverse nematicidal properties and biocontrol efficacy
of Bacillus thuringiensis Cry6A against the root-knot nematode Meloidogyne hapla. J. Invertebr. Pathol. 2015, 125, 73–80. [CrossRef]
[PubMed]

20. Jamal, Q.; Cho, J.-Y.; Moon, J.-H.; Munir, S.; Anees, M.; Kim, K.Y. Identification for the First Time of Cyclo (d-Pro-l-Leu) Produced
by Bacillus amyloliquefaciens Y1 as a Nematocide for Control of Meloidogyne incognita. Molecules 2017, 22, 1839. [CrossRef]

21. Leonetti, P.; Zonno, M.C.; Molinari, S.; Altomare, C. Induction of SA-signaling pathway and ethylene biosynthesis in Trichoderma
harzianum-treated tomato plants after infection of the root-knot nematode Meloidogyne incognita. Plant Cell Rep. 2017, 36, 621–631.
[CrossRef]

22. Pieterse, C.M.; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Van Wees, S.C.; Bakker, P.A. Induced systemic resistance by beneficial
microbes. Annu. Rev. Phytopathol. 2014, 52, 347–375. [CrossRef]

23. Mou, W.; Kao, Y.-T.; Michard, E.; Simon, A.A.; Li, D.; Wudick, M.M.; Lizzio, M.A.; Feijó, J.A.; Chang, C. Ethylene-independent
signaling by the ethylene precursor ACC in Arabidopsis ovular pollen tube attraction. Nat. Commun. 2020, 11, 4082. [CrossRef]

24. Mbaluto, C.M.; Ahmad, E.M.; Fu, M.; Martínez-Medina, A.; van Dam, N.M. The impact of Spodoptera exigua herbivory on
Meloidogyne incognita-induced root responses depends on the nematodes’ life cycle stages. AoB Plants 2020, 12, plaa029. [CrossRef]
[PubMed]

25. Pritchard, L.; Birch, P. A systems biology perspective on plant–microbe interactions: Biochemical and structural targets of
pathogen effectors. Plant Sci. 2011, 180, 584–603. [CrossRef] [PubMed]

https://doi.org/10.1016/j.sjbs.2021.05.075
https://www.ncbi.nlm.nih.gov/pubmed/34466124
https://doi.org/10.1016/j.cropro.2021.105573
https://doi.org/10.1590/0034-737x201966030008
https://doi.org/10.3390/agriculture11070602
https://doi.org/10.3390/plants10091911
https://www.ncbi.nlm.nih.gov/pubmed/34579442
https://doi.org/10.3389/fmicb.2020.00992
https://doi.org/10.3390/microorganisms9081698
https://doi.org/10.1146/annurev.phyto.38.1.423
https://doi.org/10.3390/biology9110381
https://doi.org/10.3389/fmicb.2022.843041
https://doi.org/10.1080/09583157.2020.1765980
https://doi.org/10.1111/jph.12421
https://doi.org/10.1007/s10658-009-9550-z
https://doi.org/10.3389/fpls.2020.00796
https://www.ncbi.nlm.nih.gov/pubmed/32765537
https://doi.org/10.1016/j.jip.2014.12.011
https://www.ncbi.nlm.nih.gov/pubmed/25556591
https://doi.org/10.3390/molecules22111839
https://doi.org/10.1007/s00299-017-2109-0
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1038/s41467-020-17819-9
https://doi.org/10.1093/aobpla/plaa029
https://www.ncbi.nlm.nih.gov/pubmed/32665829
https://doi.org/10.1016/j.plantsci.2010.12.008
https://www.ncbi.nlm.nih.gov/pubmed/21421407


Genes 2023, 14, 1335 17 of 19

26. Bigeard, J.; Colcombet, J.; Hirt, H. Signaling mechanisms in pattern-triggered immunity (PTI). Mol. Plant 2015, 8, 521–539.
[CrossRef]

27. Chitwood, B. ‘Root-knot nematodes’. Part 1. A revision of the genus Meloidogyne Goeldi, 1887. Proc. Helminthol. Soc. Wash. 1949,
16, 90–114.

28. Yang, Y.; Hu, X.; Liu, P.; Chen, L.; Peng, H.; Wang, Q.; Zhang, Q. A new root-knot nematode, Meloidogyne vitis sp. nov. (Nematoda:
Meloidogynidae), parasitizing grape in Yunnan. PLoS ONE 2021, 16, e0245201. [CrossRef]

29. Holterman, M.; Van der wurff, A.; Van den Elsen, S.; Van Megen, H.; Bongers, T.; Holovachov, O.; Bakker, J.; Helder, J. Phylum-
wide analysis of ssu rdna reveals deep phylogenetic relationships among nematodes and accelerated evolution toward crown
clades. Mol. Biol. Evol. 2006, 23, 1792–1800. [CrossRef] [PubMed]

30. Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. Mega4: Molecular evolutionary genetics analysis (mega) software version 4.0. Mol. Biol.
Evol. 2007, 24, 1596–1599. [CrossRef]

31. Vinodkumar, S.; Nakkeeran, S.; Renukadevi, P.; Mohankumar, S. Diversity and antiviral potential of rhizospheric and endophytic
Bacillus species and phyto-antiviral principles against tobacco streak virus in cotton. Agric. Ecosyst. Environ. 2018, 267, 42–51.

32. Vanthana, M.; Nakkeeran, S.; Malathi, V.; Renukadevi, P.; Vinodkumar, S. Induction of in planta resistance by flagellin (Flg) and
elongation factor-TU (EF-Tu) of Bacillus amyloliquefaciens (VB7) against groundnut bud necrosis virus in tomato. Microb. Pathog.
2019, 137, 103757. [CrossRef]

33. Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction.
Anal. Biochem. 1987, 162, 156–159. [CrossRef]

34. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef] [PubMed]

35. Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P.
The STRING database in 2021: Customizable protein–protein networks, and functional characterization of user-uploaded
gene/measurement sets. Nucleic Acids Res. 2021, 49, D605–D612. [CrossRef]

36. Weng, J.; Wang, Y.; Li, J.; Shen, Q.; Zhang, R. Enhanced root colonization and biocontrol activity of Bacillus amyloliquefaciens SQR9
by abrB gene disruption. Appl. Microbiol. Biotechnol. 2013, 97, 8823–8830. [CrossRef]

37. Alfianny, R.; Aryantha, I.; Syamsudin, T. Role of indigenous rhizosphere bacteria in suppressing root-knot nematode and improve
plant growth tomato. Plant Pathol. J. 2017, 16, 25–32. [CrossRef]

38. Mhatre, P.H.; Karthik, C.; Kadirvelu, K.; Divya, K.; Venkatasalam, E.; Srinivasan, S.; Ramkumar, G.; Saranya, C.; Shanmuganathan,
R. Plant growth promoting rhizobacteria (PGPR): A potential alternative tool for nematodes bio-control. Biocatal. Agric. Biotechnol.
2019, 17, 119–128. [CrossRef]

39. Sidhu, H.S. Potential of plant growth-promoting rhizobacteria in the management of nematodes: A review. J. Entomol. Zool. Stud.
2018, 6, 1536–1545.

40. Soliman, G.M.; Ameen, H.H.; Abdel-Aziz, S.M.; El-Sayed, G.M. In vitro evaluation of some isolated bacteria against the plant
parasite nematode Meloidogyne incognita. Bull. Natl. Res. Cent. 2019, 43, 171. [CrossRef]

41. Ramalingam, K. Exploring the disease severity by the interaction of fusarium wilt and root-knot nematode in tomato. Int. J. Fauna
Biol. Stud 2019, 6, 1–5.

42. AYDINLI, G.; Mennan, S. Identification of root-knot nematodes (Meloidogyne spp.) fromgreenhouses in the Middle Black Sea
Region of Turkey. Turk. J. Zool. 2016, 40, 675–685. [CrossRef]

43. Negretti, R.R.; Gomes, C.B.; Mattos, V.S.; Somavilla, L.; Manica-Berto, R.; Agostinetto, D.; Castagnone-Sereno, P.; Carneiro, R.M.
Characterisation of a Meloidogyne species complex parasitizing rice in southern Brazil. Nematology 2017, 19, 403–412. [CrossRef]

44. Tadigiri, S.; Das, D.; Allen, R.; Vishnu, V.; Veena, S.; Karthikeyan, S. Isolation and characterization of chemical constituents from B.
amyloliquefaciens and their nematicidal activity. Mortality 2020, 8, 24.

45. Mendoza, A.R.; Kiewnick, S.; Sikora, R.A. In vitro activity of Bacillus firmus against the burrowing nematode Radopholus similis,
the root-knot nematode Meloidogyne incognita, and the stem nematode Ditylenchus dipsaci. Biocontrol Sci. Technol. 2008, 18, 377–389.
[CrossRef]

46. Vetrivelkalai, P. Evaluation of endophytic bacterial isolates against root-knot nematode, Meloidogyne incognita in tomato under
glasshouse condition. Int. J. Curr. Microbiol. App. Sci. 2019, 8, 2584–2589. [CrossRef]

47. Ali, M.A.; Anjam, M.S.; Nawaz, M.A.; Lam, H.-M.; Chung, G. Signal transduction in plant–nematode interactions. Int. J. Mol. Sci.
2018, 19, 1648. [CrossRef] [PubMed]

48. Ayaz, M.; Ali, Q.; Farzand, A.; Khan, A.R.; Ling, H.; Gao, X. Nematicidal volatiles from Bacillus atrophaeus GBSC56 promote
growth and stimulate induced systemic resistance in tomato against Meloidogyne incognita. Int. J. Mol. Sci. 2021, 22, 5049.
[CrossRef]

49. Yin, N.; Zhao, J.-L.; Liu, R.; Li, Y.; Ling, J.; Yang, Y.-H.; Xie, B.-Y.; Mao, Z.-C. Biocontrol efficacy of Bacillus cereus strains Bc-cm103
against Meloidogyne incognita. Plant Dis. 2021, 105, 2061–2070. [CrossRef]

50. Wu, W.; Wang, J.; Wang, Z.; Guo, L.; Zhu, S.; Zhu, Y.; Wang, Y.; He, X. Rhizosphere bacteria from Panax notoginseng against
Meloidogyne hapla by rapid colonization and mediated resistance. Front. Microbiol. 2022, 13, 877082. [CrossRef]

51. Grunewald, W.; Karimi, M.; Wieczorek, K.; Van de Cappelle, E.; Wischnitzki, E.; Grundler, F.; Inzé, D.; Beeckman, T.; Gheysen, G.
A role for AtWRKY23 in feeding site establishment of plant-parasitic nematodes. Plant Physiol. 2008, 148, 358–368. [CrossRef]

https://doi.org/10.1016/j.molp.2014.12.022
https://doi.org/10.1371/journal.pone.0245201
https://doi.org/10.1093/molbev/msl044
https://www.ncbi.nlm.nih.gov/pubmed/16790472
https://doi.org/10.1093/molbev/msm092
https://doi.org/10.1016/j.micpath.2019.103757
https://doi.org/10.1016/0003-2697(87)90021-2
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1007/s00253-012-4572-4
https://doi.org/10.3923/ppj.2017.25.32
https://doi.org/10.1016/j.bcab.2018.11.009
https://doi.org/10.1186/s42269-019-0200-0
https://doi.org/10.3906/zoo-1508-19
https://doi.org/10.1163/15685411-00003056
https://doi.org/10.1080/09583150801952143
https://doi.org/10.20546/ijcmas.2019.801.271
https://doi.org/10.3390/ijms19061648
https://www.ncbi.nlm.nih.gov/pubmed/29865232
https://doi.org/10.3390/ijms22095049
https://doi.org/10.1094/PDIS-03-20-0648-RE
https://doi.org/10.3389/fmicb.2022.877082
https://doi.org/10.1104/pp.108.119131


Genes 2023, 14, 1335 18 of 19

52. Shukla, N.; Yadav, R.; Kaur, P.; Rasmussen, S.; Goel, S.; Agarwal, M.; Jagannath, A.; Gupta, R.; Kumar, A. Transcriptome analysis
of root-knot nematode (Meloidogyne incognita)-infected tomato (Solanum lycopersicum) roots reveals complex gene expression
profiles and metabolic networks of both host and nematode during susceptible and resistance responses. Mol. Plant Pathol. 2018,
19, 615–633. [CrossRef]

53. Bai, Y.; Sunarti, S.; Kissoudis, C.; Visser, R.G.; van der Linden, C. The role of tomato WRKY genes in plant responses to combined
abiotic and biotic stresses. Front. Plant Sci. 2018, 9, 801. [CrossRef]

54. Gao, Y.F.; Liu, J.K.; Yang, F.M.; Zhang, G.Y.; Wang, D.; Zhang, L.; Ou, Y.B.; Yao, Y.A. The WRKY transcription factor WRKY8
promotes resistance to pathogen infection and mediates drought and salt stress tolerance in Solanum lycopersicum. Physiol. Plant.
2020, 168, 98–117. [CrossRef] [PubMed]

55. Chen, X.; Li, C.; Wang, H.; Guo, Z. WRKY transcription factors: Evolution, binding, and action. Phytopathol. Res. 2019, 1, 13.
[CrossRef]

56. Ali, M.A.; Wieczorek, K.; Kreil, D.P.; Bohlmann, H. The beet cyst nematode Heterodera schachtii modulates the expression of WRKY
transcription factors in syncytia to favor its development in Arabidopsis roots. PLoS ONE 2014, 9, e102360. [CrossRef] [PubMed]

57. Teixeira, M.A.; Wei, L.; Kaloshian, I. Root-knot nematodes induce pattern-triggered immunity in Arabidopsis thaliana roots. New
Phytol. 2016, 211, 276–287. [CrossRef] [PubMed]

58. Wen, F.; Wu, X.; Li, T.; Jia, M.; Liao, L. Characterization of the WRKY gene family in Akebia trifoliata and their response to
Colletotrichum acutatum. BMC Plant Biol. 2022, 22, 115. [CrossRef] [PubMed]

59. Javed, T.; Shabbir, R.; Ali, A.; Afzal, I.; Zaheer, U.; Gao, S.-J. Transcription factors in plant stress responses: Challenges and
potential for sugarcane improvement. Plants 2020, 9, 491. [CrossRef] [PubMed]

60. Wani, S.H.; Anand, S.; Singh, B.; Bohra, A.; Joshi, R. WRKY transcription factors and plant defense responses: Latest discoveries
and future prospects. Plant Cell Rep. 2021, 40, 1071–1085. [CrossRef]

61. Hu, H.; Gao, Y.; Li, X.; Chen, S.; Yan, S.; Tian, X. Identification and nematicidal characterization of proteases secreted by endophytic
bacteria Bacillus cereus BCM2. Phytopathology 2020, 110, 336–344. [CrossRef]

62. Chen, Y.; Jing, X.; Wang, S.; Wang, J.; Zhang, S.; Shi, Q. Genome-wide analysis of WRKY transcription factor family in melon
(Cucumis melo L.) and their response to powdery mildew. Plant Mol. Biol. Report. 2021, 39, 686–699. [CrossRef]
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