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Abstract

Background: Nematodes (Meloidogyne spp.) are a major reason behind the global crop yield reduction. The
bacterial strain KMT-4 was isolated from nematode-affected tomato (Solanum lycopersicum) rhizosphere at research
farms, Hisar, India, and screened for its biocontrol potential against root-knot nematode Meloidogyne javanica as
well as checked for its effect on plant growth and yield.

Results: The bacterium KMT-4 was identified as Bacillus aryabhattai based on phenotypic characters and 16S rRNA
sequence analysis. During in vitro studies, hatching and mortality of M. javanica were significantly affected due to
the antagonistic behavior exhibited by the bacterium. In addition to this, KMT-4 also displayed various direct as well
as indirect plant growth-promoting attributes like siderophore production, growth hormone (IAA) production,
ammonia excretion, hydrogen cyanide production, and chitinase activity. A pot house experiment conducted on
brinjal resulted in nearly 73% reduction in eggs, while 80% reduction in galls in the plant root compared to the
untreated and chemically treated plants. The final nematode population also reduced significantly in KMT-4
treatment. It was 1141.6 J2/200cc soil in control and reduced to 108 J2/200 cc soil inoculated with KMT-4. Similar
results were obtained in field experiments on brinjal and cucumber conducted in years 2018 and 2019, respectively.
Also, a notable enhancement in the plant growth was observed in both pot house experiment and field trials.

Conclusion: The possession of nematicidal activity along with plant growth-promoting properties in B. aryabhattai
KMT-4 warrants its employment as a potent biological control agent against M. javanica and a promising substitute
of chemical nematicides.

Keywords: Root-knot nematodes, Meloidogyne javanica, Bacillus aryabhattai, Rhizosphere, Plant growth, Biological
control

Background
Plant-parasitic nematodes or phytonematodes are the
major threat to fruit and vegetable farmers across the
world whereby root-knot nematodes (Meloidogyne spp.)
dominate in numbers. These are parasitic microscopic
roundworms that feed on plants and cause deleterious ef-
fects. The infection is caused by the second stage juveniles
(J2) of root-knot nematodes that further results in knots
or swellings in plant roots. On the anterior end, they have
a protruded stylet which acts like a hypodermic needle

used to puncture and penetrate the cells of the target
plant. These organisms are universally distributed with a
wide range of hosts. The most important feature of these
parasitic agents is their irregular distribution in crops due
to which they infect in patches and can differ in size, num-
ber, and shapes (Zareena and Das, 2014).
Nematode infection is the major cause of growth and

yield reduction under protected cultivation. Major fruit
and vegetable crops like tomato, brinjal, cucumber, and
okra also face crop losses due to such invaders (Sahebani
and Hadavi, 2008). Brinjal (Solanum melongena L.) is a
nightshade species and is the second most essential fruit
crop of the family Solanaceae after tomatoes. Global
production of brinjal is nearly 50 million tons annually
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with a net value of more than US$10 billion (FAO, 2014).
In India, the crop is majorly cultivated in Orissa, Bihar,
West Bengal, Maharashtra, Uttar Pradesh, Karnataka, and
Andhra Pradesh. This crop is highly prone to infection by
the root-knot nematodes, particularly of the genus Meloi-
dogyne (M. incognita and M. javanica). Nematode damage
causes reduction in plant health and growth which results
in decline in yield, quality, and decreased resistance to dif-
ferent biotic and abiotic stress. Cucumber (Cucumis sati-
vus L.) is highly susceptible to Meloidogyne infection,
which attacks its roots and induces formation of giant
cells (Zhang et al., 2014). A clear information on how this
pathogen affects cucumber roots, the changes in host gene
expression associated with such attacks, is not clear.
Various effective chemical nematicides have been

tested against nematodes but not considered as long-
term solutions because of concerns like health and en-
vironmental hazards, exposure risks, residue persistence,
and expensiveness. To combat such harmful effects and
due to awareness among end users, an effective but eco-
friendly trend is being opted, i.e., using bio-agents to
control phytonematodes. Many rhizospheric bacteria
have already been reported to act as biological control
agents against these phytonematodes because of their
capacity to produce iron chelating siderophores; metabo-
lites like antibiotics; wall-degrading enzymes such as
chitinase, which helps in degrading chitinaceous egg wall
of nematodes; hydrogen cyanide, etc. Also, they compete
with pathogenic organisms for specific niches as well as
nutrients and have the capacity to elicit systemic resist-
ance in host plants. Bacillus thuringiensis has been re-
ported to suppress the population of M. incognita and
M. javanica by producing nematicidal biomolecules
(Mohammed et al., 2008). Other Bacillus species like B.
cereus and B. amyloliquefaciens also proved to be good
biocontrol agents (Jamal et al., 2017). However, there is
limited information available on such biocontrol agents
also acting as plant growth promoters alongside.
The objectives of this investigation were to (i) isolate

and identify KMT-4 by a combination of morphological
and molecular biology methods, (ii) assess the antagonistic
behavior against M. javanica eggs and juveniles in vitro,
(iii) evaluate the biocontrol potential of KMT-4 toward M.
javanica in pot and field experiments, and (iv) determine
the effect of KMT-4 on plant growth and yield. This study
will provide basic knowledge about the application of
KMT-4 as a potent biocontrol agent which not only shows
antagonism against phytopathogenic root-knot nematodes
but also promotes plant growth.

Methods
Isolation of the bacterial strain
Bacterial strain KMT-4 was isolated from the nematode-
infected tomato rhizosphere at a screen house of

Department of Nematology, Hisar, Haryana, India (29°08′
29.7″ N, 75°42′14.0″ E), using serial dilution technique.
The bacterium was selected through various biochemical
and antagonistic tests against M. javanica. It was cultured
in King’s B medium—peptone 20g/l, glycerol 10ml/l,
K2HPO4 1.5g/l, MgSO4 1.5g/l, glucose 1g/l, NaCl 3–5g/l,
pH 7 (King et al., 1954) at 30°C with shaking at 300 rpm
till 48h for further studies. The bacterial cells were ad-
justed to obtain 108 CFU/ml with sterile distilled water.

Identification of the bacterial strain KMT-4
KMT-4 was subjected to various morphological studies
and Gram staining. The 16S rRNA sequence analysis
was done for the identification of the bacterial strain.
Genomic DNA was extracted according to the manufac-
turer’s protocol of the Genomic DNA isolation kit
(Sigma-Aldrich, St. Louis, MO, USA), and PCR amplifi-
cation of the 16S rRNA gene was done using the univer-
sal primers 8-27F (5′-AGAGTTTGATCCTGGCTCAG-
3′) and 1492R (5′-TACGTTACCTTGTTACGACTT-
3′). Sanger’s dideoxy sequencing method was used in se-
quence determination of 16S rRNA gene of the bacter-
ium. The 16S rRNA gene sequence was then identified
using the GenBank database at NCBI. A phylogenetic
tree was constructed using the MEGA X software.

Characterization of KMT-4 for plant growth-promoting
traits
The bacterium was screened for the presence of various
direct as well as indirect growth-promoting attributes
like IAA production, ammonia excretion, phosphate
solubilization, chitinase activity, siderophore production,
and hydrogen cyanide production. Three replicates were
used for each experiment. KMT-4 was tested for quanti-
tative estimation of IAA production and ammonia excre-
tion in the culture supernatant by the method given by
Tang and Bonner (1974) and Chaney and Marbach
(1962), respectively. Phosphate solubilization activity was
checked by the ability to form a zone around the bacter-
ial spots on Pikovskaya agar plates supplemented with
tricalcium phosphate (Pikovskaya, 1948). Similarly, chiti-
nase activity was determined by spot test method on col-
loidal chitin agar plates (Murthy and Bleakley, 2012). A
hollow zone formation around the spots indicated chiti-
nase activity. Siderophore production was detected by
CAS (Chrome Azurol S) assay (modified method of
Schwyn and Neilands, 1987). The presence of iron che-
lating compounds (siderophores) was depicted by the
decolorization of the blue-colored ferric dye complex,
giving yellow hollow zone around the bacterial colonies.
For HCN production, the bacterium was transferred to
test tubes containing freshly prepared King’s B medium
amended with glycine and sterile filter paper strips satu-
rated with picric acid solution fixed inside. Change of
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color from yellow to reddish brown indicated cyanogenic
potential (Alstrom and Burns, 1989).

Collection of nematodes
Meloidogyne javanica was cultured on brinjal and to-
mato plants under greenhouse conditions in Hisar, India.
The infected roots were collected and rinsed with tap
water after that dipped in 0.4% sodium hypochlorite
(NaClO) solution (Hussey and Barker, 1973) and again
rinsed for 5 min. The eggs thus released from egg
masses on roots were concentrated on a 500-mesh sieve
and rinsed with tap water. Juveniles (J2) were obtained
from eggs after incubating them in distilled water at
25°C and collected by using modified Baermann funnel
technique (MBFT) (Viglierchio and Schmitt, 1983) after
48 h. The number of J2 was standardized by counting
them in 1 ml suspension; average number was used to
represent the number of J2/ml. Egg masses were picked
using a hand lens.

Effect of KMT-4 on hatching of egg masses and juvenile
mortality in vitro
KMT-4 culture broth was grown for 72 h and centri-
fuged at a speed of 10,000 rpm for 10 min. The super-
natant thus obtained was used as extracellular extract,
and the bacterial pellet was dissolved in a 0.1M phos-
phate buffer of pH 7 for preparing the intracellular ex-
tract. The bacterial cells were ruptured using freezing
and thawing technique (Harrison, 2011) and centrifuged
at 10,000 rpm for 10 min. The supernatant obtained was
used as intracellular extract, and the pellet thus formed
was then discarded. Egg masses were collected from
nematode M. javanica-infected brinjal roots using for-
ceps and hand lens. Five egg masses (with a mean no. of
225 eggs) were added to 5 ml of each—untreated dis-
tilled water (control), extracellular extract, intracellular
extract, and intact bacterial suspension (72 h grown cul-
ture broth) of the bacterial isolate in a 6-well culture
plate. Hatching was observed at an interval of 24 till 96
h. The number of juveniles (J2) observed was recorded
and compared with control. The number of J2 in sus-
pension was standardized by counting them in 1 ml sus-
pension; the average number was used to represent the
number of J2/ml. Nematode suspension containing 100
J2 was treated by the bacterial isolate. The number of
dead J2 was recorded till 48 h if their bodies were stiff
and straight by pricking them with a needle. The mortal-
ity percentage was calculated using the following
equation:
[(live J2 prior to treatment−live J2 after 48 h)/live J2

prior to treatment] × 100
A stereo microscope was used to observe the nema-

todes. All the experiments were conducted in 3

replicates. Phosphate buffer and growth medium were
also used as control.

Pot house experiment on brinjal
To evaluate the effect of KMT-4 for biological control of
M. javanica and growth promotion of host plant, an ex-
periment was conducted on brinjal (Solanum melongena
L.) in the pot house of Department of Microbiology,
Hisar. Five kilograms sandy loam soil was used to fill up
the clay pots of 8-in. diameter, and a recommended dose
of fertilizers (RDF) consisting of slurry 104 kg/ha, urea
40 kg/ha, single superphosphate (SSP) 20 kg/ha, and
muriate of potash (MoP) 10 kg/ha was applied to each
pot. Seedlings of nematode-susceptible brinjal var.
BR112 (obtained from the Department of Vegetable Sci-
ence, Hisar) at 2-leaf stage were transplanted into the
pots. A total of six treatments were used for the pot ex-
periment as T1, control (RDF); T2, RDF + Azotobacter
chroococcum Mac27 (108 CFU/ml); T3, RDF + M. java-
nica; T4, RDF + M. javanica + A. chroococcum Mac27
(108 CFU/ml); T5, RDF + M. javanica + carbofuran at 1
kg a.i/ha; and T6, RDF + M. javanica + isolate KMT-4
(108 CFU/ml). Seedlings were treated with 50 ml KMT-4
(108 CFU/ml) and 50 ml A. chroococcum Mac27 (108

CFU/ml obtained from the collection of Department of
Microbiology, Hisar, Haryana), and carbofuran @ 1kg
a.i/ha was added as per treatments described above. A.
chroococcum Mac27 was referred to as plant growth
control and carbofuran as chemical control. Plants were
irrigated by tap water regularly. After 10 days of trans-
plantation, nematode suspension containing eggs at
3000 eggs/pot was injected in the rhizosphere of plants
with the help of a pipette in four 1-cm deep holes
around the roots. There were 3 replicates of each treat-
ment. The pot experiment was organized in a completely
randomized design. Crop was uprooted after 45 days,
and observations on number of eggs/root system, no. of
galls/root system, and final nematode population/200cc
soil were recorded. No. of eggs/root system was isolated
by dipping the roots in 0.4% NaClO with stirring for 5
min and counted under stereomicroscope. The number
of galls/root system was counted with the help of hand
lens by spreading the roots in a 15-cm wide Petri plate.
For determining final nematode population, soil from
each treatment was mixed thoroughly, and 200cc soil
from each replicate was analyzed by Cobb’s sieving and
decanting method (Cobb, 1918), followed by MBFT. Ob-
tained J2 were counted under stereomicroscope. Plant
growth parameters like plant height, root fresh weight,
root dry weight, shoot fresh weight, and shoot dry
weight were also recorded on the 45th day of transplant-
ing. Total bacterial populations were determined from
the rhizosphere both at 0 and after 45 days of treatment.
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Field trials
Field trials were conducted separately during the year
2018 and 2019 on brinjal (Solanum melongena L.) and
cucumber (Cucumis sativus L.) crops, respectively to
check the efficacy of the bacterial isolate KMT-4 under
protected cultivation at farmer’s polyhouse in Bhuna
(Fatehabad), Haryana, India (29°32′17.0412″N, 75°42′
28.9368″E) with initial nematode population of 275 J2/
200cc of soil. Brinjal var. Hisar Shyamal and cucumber
var. Multistar were selected for the experiment. A total
of 3 treatments including control (water), KMT-4, and
chemical carbofuran at 1 kg a.i./ha were incorporated.
Brinjal seedlings (at two leaf stage) were dipped in
KMT-4 broth (108 CFU/ml) for 30 min before trans-
plantation, and cucumber seeds were coated with 50 g
jaggary suspension after that mixed with 100ml of
KMT-4 broth (108 CFU/ml), partially dried then sown
into the field. The field experiment was arranged as a
randomized block design with 6 replicate plots of each
treatment. Plot size was 6×4 m. Roots from these plants
were indexed for galling and egg masses on a scale of 1–
5 (Heald et al., 1989). For the estimation of final nema-
tode population, Cobb’s sieving and decanting method
(Cobb, 1918) was used, followed by MBFT. The ex-
tracted J2 were counted at ×40 magnification under a
stereomicroscope. Yield (q/ha) was determined after har-
vest. All the data were statistically analyzed and com-
pared with control as well as chemically treated plants.

Data analysis
All the given values are expressed as mean ± standard
error (SE). The SAS version 9.2 software (SAS Institute,
Inc.) was used for all the statistical analysis. Means were
separated and compared using Duncan’s multiple range
test. Differences in mean values were considered signifi-
cant when P <0.05.

Results
Bacterial identification
Based on morphological studies, it was found that the
strain KMT-4 grown on King’s B medium has round,
creamy-white colony morphology with regular edges.
The bacterium was Gram positive, and the cells were
rod shaped. The 16S rRNA gene analysis showed that a
350-bp fragment was amplified by the primers 27F/
1492R from the genomic DNA of KMT-4. KMT-4 had
100% similarity to Bacillus aryabhattai as per data of
GenBank. The phylogenetic tree was constructed by
maximum likelihood method, using MEGA X from re-
lated sequences of Bacillus species downloaded from
NCBI; KMT-4 was most closely related to B. aryabhattai
(Fig. 1). According to all the morphological studies and
molecular biology experiments, KMT-4 was identified as
B. aryabhattai. The 16s rRNA sequence of the

bacterium B. aryabhattai KMT-4 was then submitted to
the GenBank database. The accession number obtained
was MT620775.

Plant growth-promoting attributes of KMT-4
KMT-4 bacterial isolate was characterized for various
plant growth-promoting traits. The bacterium showed
significant siderophore production by forming a 3-mm
yellow zone around the colony. A 2-mm hollow zone
was formed around the bacterial colony on chitin agar
plate showing chitinase activity exhibited by KMT-4.
The filter paper strips turned light brown in color indi-
cating HCN production by the bacterium when observed
after 96 h of incubation at 28°C. Ammonia excretion
and IAA production were recorded quantitatively as
2.0±0.0μg/ml and 18.7±0.0μg/ml, respectively. No phos-
phate solubilization activity was exhibited by the
bacterium.

Hatching and mortality test of KMT-4 against M. javanica
in vitro
In vitro studies showed that KMT-4 has antagonistic ac-
tivity against M. javanica. Hatching in egg masses was
observed at a regular interval of 24 h till 96 h. A consid-
erable difference was found between the number of
hatched juveniles (J2) in KMT-4 treatment as compared
to control. The number of hatched J2 in the extracellular
extract was least than the control and intracellular ex-
tract, while at par in intact bacterial suspension after 96
h (Table 1). Also, a similar trend was observed during
the mortality test. KMT-4 resulted in 86.33% mortality
after 48 h, while in control it was 4.33% showing a sig-
nificant difference between the two.

Biocontrol of M. javanica in pot experiments on brinjal
During pot house studies on brinjal, it was found that
the least number of galls was observed in KMT-4-
inoculated plant than the control and chemically treated
plant, i.e., carbofuran treatment. Similarly, up to 73% de-
cline in egg number was observed in KMT-4 inoculated-
plant roots (T6) as compared to control (T3), where it
was only 5.8 and 55% in chemical treatment (T5). After
45 days, when nematode population per 200cc soil was
counted, there was a significant difference in number of
juveniles observed between KMT-4 treatment, control,
and chemical carbofuran treatment. Based on all these
observations, KMT-4 inoculation was found most effect-
ive in controlling nematode M. javanica (Table 2).

Effect of KMT-4 on plant growth and yield in pot as well
as field experiments
The effect of KMT-4 on plant growth as well as yield
was also observed. KMT-4 inoculation resulted in max-
imum plant height and highest fresh and dry weight of
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both root and shoot as compared to all other treatments
including control, A. chroococcum Mac27 treatment, and
carbofuran treatment in the pot experiments (Table 3)
(Fig. 2). In the field studies, yield (q/ha) also increased
significantly in case of KMT-4-inoculated plants than
the control and chemically treated ones in both the field
trials on brinjal and cucumber crops during 2018 and
2019 (Table 4).

Efficacy of KMT-4 in biocontrol of nematodes under field
conditions
During the field trials on brinjal and cucumber crops in
the year 2018 and 2019 respectively, the root-knot index

Fig. 1 Phylogenetic tree of Bacillus species based on analysis of the 16S rRNA gene sequences constructed by Maximum Likelihood method
using MEGA X

Table 1 Effect of Bacillus aryabhattai KMT-4 on hatchability of
eggs masses of M. javanica in vitro
Treatment Hatchability^

24 h 48 h 72 h 96 h

Distilled water 21.3± 0.8AB 38.6± 0.8A 77.3±1.2A 102.6±1.4A

Phosphate buffer# 19.3± 0.8B 39.0± 0.5A 74.3±1.4A 101.6±2.1A

King’s B broth 21.6± 0.8A 39.0± 1.1A 75.6±1.7A 102.6±0.8A

Intact bacterium 0.6± 0.3D 2.3± 0.3C 5.6±0.3C 7.0±5.7BC

Extracellular extract 0.6± 0.3D 3.0± 0.5C 3.6±0.6C 4.6±0.6C

Intracellular extract 5.6± 0.3C 7.6± 0.3B 10.0±0.5B 10.6±0.8B

#0.1 M, pH 7, values are depicting number of hatched J2
^Data presented are the mean ± standard error (SE) for 3 replicates of each
treatment. Values with the same letter in the same column are not statistically
significant using Duncan’s multiple range test (p< 0.05)
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was the same in both trials in KMT-4-inoculated plants,
also significantly different from both control as well as
chemical nematicide carbofuran treatment (1 kg a.i./ha).
Initial nematode population was 275 J2/ 200cc soil. Final
nematode population per 200cc soil was significantly re-
duced in KMT-4 treatment on brinjal and cucumber
crop trials when compared with control and carbofuran
treatments. There was a significant difference in all the
observations paving a way to KMT-4 treatment as a bet-
ter method of nematode control at field levels (Table 4).

Discussion
The most common damage-causing nematodes through
their plant-parasitic interactions in crops are the root-
knot nematodes (Meloidogyne spp.). The conventional
methods used to control plant-parasitic nematodes in
agricultural systems are currently dependent on use of
chemicals. Many chemicals recommended for nematode
control such as carbofuran, carbosulfan, chloropicrin,
and ethylene dibromide are being banned in various
countries. In the last decade, many scientific studies have
reported the success of effective control of Meloidogyne
species using rhizospheric bacteria (Doaa et al. 2021). In
the present investigation, bacterial isolate KMT-4 was

isolated from nematode-infested soil of the tomato
rhizosphere and was reported as B. aryabhattai based
on morphological studies and 16S rRNA sequencing.
Many bacterial species have been isolated from rhizo-
spheric soils and identified using 16S rRNA sequencing.
The first report of isolation of this bacterial species was
from the cryotubes used for air collection from the
upper atmosphere (Shivaji et al., 2009), and it was later
on obtained from rhizosphere soils (Lee et al., 2012).
In the present case, the bacterium B. aryabhattai

KMT-4 showed IAA production and ammonia excretion
during in vitro experiments, which can be attributed to
its plant growth-promoting properties. The mechanism
of action of plant growth-promoting rhizosphere bac-
teria (PGPR) strains mainly includes increased nutrient
availability, phytohormone production, and inducing sys-
temic resistance. Rhizospheric bacterial isolates are more
efficient in IAA production than the isolates from bulk
soil and are associated with increased plant growth. The
production of ammonia as a common trait of PGPR has
also been reported (Raghavan et al., 2015).
The bacterium KMT-4 was tested for antagonistic ac-

tivity against the nematode M. javanica. In vitro studies
showed that extracellular extract resulted in minimum

Table 2 Effect of Bacillus aryabhattai KMT-4 on nematode population after 45 days of treatment in pot experiment on brinjal
(Solanum melongena L.)

Treatment# Numbers of galls/root system^ Numbers of eggs/root system^ Final nematode population/200cc soil^

T1 - - -

T2 - - -

T3 31.6±2.3A 2826.6±92.0A 1141.6±18.0A

T4 26.0±2.5B 2153.3±269.0 308.0±6.0B

T5 13.0±1.5C 1336.6±64.3C 267.3±3.7C

T6 6.3±1.7D 813.3±70.5D 108.0±1.5D

T1 and T2 were not inoculated with nematode M. javanica according to the treatment plan, and initially, there were 3000eggs/root system. (T3, RDF + M. javanica;
T4, RDF + M. javanica + A. chroococcum Mac27 (108 CFU/ml); T5, RDF + M. javanica + Carbofuran at 1 kg a.i/ha; and T6, RDF + M. javanica + isolate KMT-4
(108 CFU/ml)
^Data presented are the mean ± SE for three replicates of each treatment. Values with the same letter in the same column are not statistically significant using
Duncan’s multiple range test (p< 0.05)

Table 3 Effect of Bacillus aryabhattai KMT-4 on plant growth after 45 days of treatment in pot experiments on brinjal (Solanum
melongena L.)

Treatment# Plant height (cm)^ Root fresh weight (g)^ Root dry weight (g)^ Shoot fresh weight (g)^ Shoot dry weight (g)^

T1 6.5±0.7C 0.4±0.1D 0.08±0.0C 0.8±0.0C 0.1±0.0C

T2 7.6±0.3C 0.7±0.1D 0.13±0.0BC 1.9±0.3BC 0.3±0.0BC

T3 10.3±0.8B 2.9±0.3C 0.19±0.0BC 2.6±0.5B 0.3±0.0BC

T4 10.5±0.7B 4.3±0.5B 0.21±0.0B 1.9±0.5BC 0.5±0.0B

T5 10.6±0.8B 2.5±0.2C 0.18±0.0BC 2.1±0.4BC 0.3±0.1BC

T6 15.3±0.8A 8.3±0.7A 1.19±0.0A 7.2±0.5A 1.6±0.2A

#Treatment—T1, control (RDF); T2, RDF + A. chroococcum Mac27 (108 CFU/ml); T3, RDF + M. javanica; T4, RDF + M. javanica + A. chroococcum Mac27 (108 CFU/ml);
T5, RDF + M. javanica + carbofuran at 1 kg a.i/ha; and T6, RDF + M. javanica + isolate KMT-4 (108 CFU/ml)
^Data presented are the mean ± SE for three replicates of each treatment. Values with the same letter in the same column are not statistically significant using
Duncan’s multiple range test (p<0.05)
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hatching in egg masses than the intact bacterial suspen-
sion and intracellular extract. It could be inferred that
some secondary metabolite may be responsible for such
nematicidal activity. The bacterium KMT-4 showed sid-
erophore production, chitinase activity as well as hydro-
gen cyanide production during in vitro studies. This can
be correlated to the nematicidal activity exhibited by the
bacterium against M. javanica. A vast variety of PGPR
has been investigated and explored for their ability of be-
ing used as effective biological control agents against
phyto-pathogenic nematodes (Migunova and Sasanelli,
2021). The application of rhizospheric microorganisms
(Azotobacter chroococcum, Bacillus subtilis, and Tricho-
derma harzianum) and their combinations reduced the
average no. of galls, immature stages, juveniles (J2), and
final population of nematode in brinjal (Farfour and
ElAnsary, 2013). Biocontrol activity was normally

associated with production of secondary metabolites
such as enzymes, toxic volatile compounds, antibiotics,
or certain chelating agents like siderophores. Jenifer
et al. (2013) reported that rhizospheric strains of Pseudo-
monas, Azotobacter, and Bacillus were capable of produ-
cing siderophores, which acted as biocontrol agent and
efficiently inhibited phytopathogens like Fusarium sp.,
Alternaria sp., and Sclerotium sp. Chitinase degrades
chitin which is the structural material in cell walls of
fungal pathogens, the eggs of nematodes, and also in
nematode egg masses. Bacillus cereus 1.21 strain isolated
from chilli rhizosphere was reported to show its biocon-
trol potential against white fly due to its chitinolytic
properties (Mubarik et al., 2010). Hydrogen cyanide is a
volatile compound synthesized as a consequence of sec-
ondary metabolism of several microorganisms. It causes
fatal effects on the growth of other organisms. It

Fig. 2 Comparative plant growth in Bacillus aryabhattai KMT-4 treatment (T6) with T1, T2, T3, T4, and T5 (a in pots, b after harvest) during the pot
house experiment on brinjal (Solanum melongena L.) crop

Table 4 Effect of inoculation of Bacillus aryabhattai KMT-4 at farmer’s polyhouse at Bhuna (Fatehabad) on brinjal (Solanum
melongena L.) and cucumber (Cucumis sativus L.) crops during the year 2018 and 2019, respectively

Treatment Root knot index (RKI)^a Final nematode population/200cc soil^b Yield (q/ha) ^

Brinjal Cucumber Brinjal Cucumber Brinjal Cucumber

KMT-4 2.0±0.0C 2.0±0.0C 171.5±0.6C 117.6±0.6C 3.1±0.0A 96.0±0.9A

Carbofuranc 3.0±0.0B 3.0±0.0B 260.8±0.9B 230.8±0.9B 2.5±0.0B 91.0±1.0B

Control 5.0±0.0A 5.0±0.0A 406.5±1.5A 490.0±1.1A 2.3±0.0B 84.5±0.5C

aRoot knot index, 1 = no gall and egg-mass (highly resistant), 2 = 1–2 galls/egg-mass (resistant), 3 = 11–30 galls/egg-mass (moderately resistant), 4 = 31–100
galls/egg-mass (susceptible), and 5 = 101 and above (highly susceptible) (Heald et al. 1989).
bInitial nematode population was 275J2/200 cc soil
cCarbofuran at 1 kg a.i./ha.
^Data presented are the mean ± SE for 6 replicates of each treatment of the field trials separately conducted in 2018 and 2019 on brinjal and cucumber crops,
respectively. Values with the same letter in the same column are not statistically significant using Duncan’s multiple range test (p< 0.05)
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effectively stops the cytochrome oxidase reaction and is
lethal to all the pathogenic aerobic microbes even in
picomolar amounts (Hassanein et al., 2009). Kang et al.
(2018) reported HCN production by Pseudomonas chlor-
oraphis O6, which results in its nematicidal activity
against M. hapla. However, it can be assumed that the
decline in galling and formation of egg masses by M.
javanica might be due to the direct action of secondary
metabolites, which caused harm to the nematodes (J2),
or the indirect effects that elicit host defense response to
protect from nematode infection, as reported in the
PGPR Paenibacillus strains (Son et al., 2009).
Observations from both pot as well as field studies

showed that KMT-4 strain efficiently reduced egg hatch-
ing and increased mortality of juveniles in soil. Similarly,
Zhao et al. (2019) reported biocontrol potential of B.
aryabhattai strain Sneb517 against soybean cyst nema-
tode Heterodera glycines. During the pot experiment, pa-
rameters representing plant growth were noted after 45
days of sowing. Effect of KMT-4 on plant height was ob-
served at the time of harvest being made after 45 days.
Under pot house conditions, a considerable increase was
observed in fresh and dry weights of both root and shoot
in KMT-4 treatment than the control and also Azotobac-
ter chroococcum Mac 27 strain treatment. During field
studies on brinjal and cucumber, a similar trend in plant
growth was observed along with decreased nematode in-
fection. In the field experiments, a considerable increase
in yield was observed than the control and chemical
nematicide treatment, which represents nematode sup-
pression along with enhanced plant growth due to
KMT-4 inoculation. Many researchers have reported re-
sults showing that the application of chemical nemati-
cides resulted in better growth of plants and decrease in
nematode infection. The chemical control carbofuran
has been reported to show visible increase in all mor-
phological observations and reduced galls in roots and
population of nematodes (Jena et al., 2017). Patil et al.
(2013) also reported the maximum decrease in nema-
tode population with chemical carbosulfan treatment.
But, in the present study, it was found that KMT-4 treat-
ment showed a maximum growth and effectively re-
duced infection than the chemical control carbofuran
itself. There is a limited number of such strains which
can act as both biocontrol agents and a plant growth
promoter simultaneously. This study is among the first
reports on B. aryabhattai strain that can efficiently con-
trol nematode infection along with promoting plant
growth and resulted in better yield as compared to other
plant growth promoters and chemical fertilizers.

Conclusion
The treatment of seedlings with B. aryabhattai KMT-4
strain significantly reduced nematode infection in both

pot and field experiments along with improving plant
growth and yield. In vitro studies also showed hatching
inhibition and juvenile mortality. This proves that B.
aryabhattai KMT-4 may serve as a potent biocontrol
agent as well as an efficient plant growth promoter. A
combination of two or more mechanisms may be re-
sponsible for the biological control of M. javanica, as ex-
hibited by the PGPR used in this study. Also, there
could be any other mechanism involved, which has not
been covered in this study and requires different scien-
tific approaches.
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