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Bio-control agents serve as effective and environment-friendly weapons to mitigate the menace due to 
diverse plant pathogens. Production of volatile organic compounds (VOCs), antibiotics, enzymes and 
other secondary metabolites produced by bio-control agents demonstrate their antagonistic action against 
a multitude of phytopathogenic microbes and nematodes. Bacillus amyloliquefaciens IIHR BA2 (Indian 
Institute of Horticultural Research, Bacillus amyloliquefaciens 2) is one such potential bacterial bioagent 
that demonstrated effective nematicidal activity against root knot nematode, Meloidogyne incognita, a 
major biotic constraint in successful crop production. This study aims to decipher the mechanism of 
action of B. amyloliquefaciens IIHR BA2 against M. incognita by studying the presence of nematicidal 
genes and production of VOCs. In vitro study recorded 88.34% of M. incognita Juvenile mortality treated 
with B. amyloliquefaciens IIHR BA2 cell free crude extract at 100% after 72 h. Neutral and alkaline 
protease genes which are responsible for nematicidal action were identified in B. amyloliquefaciens IIHR 
BA2. Through Head space solid-phase micro extraction gas chromatography- mass spectrophotometer 
52 VOCs were detected. Among the different compounds, synthetic limonene exhibited the maximum 
juvenile mortality followed by α-Pinene and Carvone. From the result of this study, we concluded that 
the release of terpenoid volatiles from B. amyloliquefaciens IIHR BA2 increased its antagonistic action 
against nematodes. 

INTRODUCTION

Plant parasitic nematodes are one of the major limiting 
factors that hamper successful crop production 

throughout the world. Root-knot nematodes (Meloidogyne 
spp.) are the most ruinous plant parasitic nematodes and can 
cause a yield reduction of around 25- 50% over wide range 
of crops. The southern root knot nematode, Meloidogyne 
incognita is an economically important plant parasitic 
nematode species because of its entangled relationship with 
the host plants, wide host range and the level of damage 
caused by its infection (Samaliev and Stoyanov, 2007). 
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They also interact synergistically with pathogenic fungi 
and bacteria, resulting in disease complexes that ultimately 
destroy the crop (Kloepper et al., 1999). Damage caused 
by this nematode species is more noticeable in tropical than 
in temperate climates due to appropriate conditions for 
nematode survival and multiplication. Stunting, wilting, 
reduction of photosynthetic pigments and nutrient uptake, 
root galling and browning of leaves results in delayed 
maturity, poor quality and yield losses in crops affected by 
root-knot nematodes.

Globally numerous strategies are employed to manage 
the problems due to nematodes. Many chemical pesticides, 
though popular among farmers for their instantaneous 
efficacy against nematodes, are in the verge of getting 
banned or withdrawn from the market in the recent years 
due to their toxicity to humans, non-target animals, and 
ecosystem (Kim et al., 2018; Xiang et al., 2018). As a 
result, there is an urgent need to identify environmentally 
safe and cost-effective nematicides.

Several non-chemical strategies comprising biocontrol 
agents (BCAs), botanicals, organic soil amendments, 
resistance breeding and cropping system approaches have 
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demonstrated encouraging results in reducing root knot 
nematode population under field conditions. Microbial 
BCAs encompassing a diverse group of beneficial fungi and 
bacteria play a major role in suppressing phytopathogenic 
microbial and nematode population in soil and host plants. 
BCAs from Bacillus group are referred to as ‘microbial 
factories’ as they produce several biologically active 
molecules that exhibit broad spectrum antagonistic 
activity against various plant pathogens (Ongena and 
Jacques, 2008). Bacillus amyloliquefaciens is one such 
potential biocontrol bacterium that possesses antifungal, 
antibacterial and antinematodal activity (Chen et al., 
2006). Prabu et al. (2019) reported the in vitro efficacy 
of B. amyloliquefaciens IIHR BA2 against a multitude of 
plant pathogens and root knot nematode, M. incognita. To 
explore further into the mechanism of nematicidal action 
of B. amyloliquefaciens IIHR BA2 against M. incognita, 
this study has been taken up to detect the protease activity, 
presence of protease genes and production of volatile 
organic compounds (VOCs) that contribute to nematicidal 
action. 

MATERIALS AND METHODS

Microbial culture preparation
The native isolate of B. amyloliquefaciens IIHR 

BA2 (NAIMCC-TB2216) maintained in Nematology 
Laboratory, Division of Crop Protection, ICAR – Indian 
Institute of Horticultural Research, Bengaluru was used 
in this study. Fresh culture of B. amyloliquefaciens IIHR 
BA2 was grown in nutrient broth (NB) under constant 
shaking at 150 rpm for 48 h at room temperature (25 ± 
2°C) and used for further experiments. 

Nematode culture maintenance
The culture of root knot nematode, M. incognita 

was maintained in susceptible tomato plants (cv. Arka 
Samrat) raised in earthen pots (3 kg capacity) with soil 
as substrate under glass house conditions at Division of 
Crop Protection, ICAR- Indian Institute of Horticultural 
Research, Bengaluru.

The egg masses of nematodes adhering to the 
tomato root surface were removed by agitating the root 
with sodium hypochlorite (0.05% solution) for 3 min. 
Further, the separated eggs were rinsed with sterile water 
and collected using nested 150 and 25 µm pore sieves 
(Richard and Kenneth, 1973). The collected eggs were left 
for hatching in sterile water. The second stage infective 
juveniles (J2) emerging out of the eggs were harvested 
at regular intervals up to 3 days (Southey, 1986). The 
collected juveniles were used for further studies.

Effect of cell free crude extract on juvenile (J2) mortality 
of M. incognita 

The cell free crude extract of B. amyloliquefaciens 
IIHR BA2 were prepared freshly prior to use was 
collected from freshly cultivated broth culture of B. 
amyloliquefaciens IIHR BA2 (50 ml) were centrifuged 
in low temperature (4oC) for 15 min at 12,000 rpm and 
collected supernatant separately. Then the remaining 
bacterial cells were removed by filtering the supernatant 
through 0.22 μm syringe filter (WHATMANTM). The 
cell free supernatant contains crude biomolecules, which 
diluted into different concentrations as 25%, 50%, 75% 
and 100% with addition of sterile distilled water. Each 
concentration of crude extract was added separately into 
Petri plate. Approximately 100 J2 were added into each 
concentration and incubated at 25±2oC. The control Petri 
plates were maintained with sterile water with J2. All 
treatments had five replicates in CRD. The mortality of 
juveniles was counted after 24, 48 and 72 h using a stereo 
zoom microscope. After 72 h, inactive nematodes were 
picked and kept in sterile distilled water separately to 
check whether mortality of juveniles was permanent. The 
whole experiment was repeated twice. Per cent J2 mortality 
was calculated using the following formula (Ashoub and 
Amara, 2010). 

J2 mortality (%) = (Number of J2 dead in culture 
filtrate/ total number of J2 in culture filtrate) x 100

Detection of protease enzyme activity
Proteolytic activity of B. amyloliquefaciens IIHR 

BA2 was tested on gelatine agar medium. Sterile NA 
media was prepared with incorporation of 2% gelatin and 
test culture was streaked on the media plates and incubated 
at 25±2oC for 48 h after which, culture plate was covered 
with mercuric chloride (15% HgCl2, 20% HCl and dis. 
H2O) solution for 5 min. The gelatin in the medium reacts 
with indicator solution to produce clear zone, where gelatin 
was hydrolyzed around the culture streak (Frazier, 1926).

Quantitative analysis of protease
B. amyloliquefaciens IIHR BA2 was cultured in 

nutrient broth (NB) media for 48h and centrifuged at 4oC 
for 15 min at 12,000 rpm. Supernatant was used as enzyme 
source for analysis. The reaction mixture of 1 ml culture 
filtrate and 0.5 ml gelatin substrate (0.65%) was incubated 
for 30 min at 37oC. Enzyme reaction was stopped by 
adding 5 ml of trichloroacetic acid (110 mmol/L) and 
centrifuged at 6000 rpm for 30 min. 2 ml supernatant was 
taken and mixed with 5 ml of sodium carbonate solution 
(500 mmol/L), Folin Ciocalteu phenol reagent (25%) and 
incubated at 25±2oC for 30 min and observation was taken 
at 650 nm. The protease activity was estimated according 
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to (Pant et al., 2015). The total protein was estimated 
from cell free culture filtrate by using Bradford method 
(Bradford, 1976) and the enzyme activity was calculated 
from following formula.

Detection of B. amyloliquefaciens IIHR BA2 protease 
genes

Using the modified sodium dodecyl sulfate (SDS) 
DNA extraction method, the genomic DNA (gDNA) was 
isolated from the 27 bacterial isolates (Ausubel et al., 
1994). Genomic DNA was further used for identification 
of genes responsible for nematicidal properties. 

The early isolated genomic DNA of selective B. 
amyloliquefaciens IIHR BA2 was used as a template 
for PCR amplification of neutral protease and alkaline 
protease. Primers were designed from the protease gene 
encoding B. amyloliquefaciens (Gene Bank accession no. 
K02497) (Lian et al., 2007).

Detection of neutral protease 
The primer sequence was synthesized as forward 

primer np1 (5’ GGGGGATTTATTGTGGGTTT3’) and 
reverse primer np2 (5’ TACAATCCGACAGCATTCCA3’) 
to amplify the size of 1577bp neutral protease gene (15). 
PCR reaction mixture prepared with the total volume of 
25 μl template DNA, 1xTaq A buffer with MgCl2, 0.2 
mM each dNTP mixture, 20 pmol/primer, 2U of TaqDNA 
polymerase. With Thermocycler PCR reaction conditions 
94oC for 5 min for initial denaturation, 35 cycle of 95°C 
for 45 sec, 50°C for 40 sec, 72°C for 90 sec and final 
extension at 72°C for 10 min.

Detection of alkaline protease
The amplification of alkaline protease 

(1149 bp) was carried out by using primers ap1 
(5’GCGCCTAGGGTGAGAGGCAAAAAAGGTATG3’) 
and ap2 (5’CGCGGATCCTTACTGAGCTGCCGCCTGTAC 
3’) (Ramarathnam, 2007). PCR reaction mixture was 
prepared with ~50 ng of template DNA, 1xTaq A buffer 
with MgCl2, 0.2 mM of each dNTP, 20 pmol/primer, 2U 
of Taq DNA polymerase. With thermocycler PCR reaction 
conditions 94oC for 5 min for initial denaturation, 35 cycle 
of 95°C for 45 sec, 50°C for 40 sec, 72°C for 90 sec and 
final extension at 72°C for 10 min.

The PCR amplified products were loaded on 
agarose gel (1.5 %) with 1kb DNA ladder (GeneRularTM) 
and confirmed for the size of the gene. Then the PCR 
product were purified and sequenced through Sanger’s 
dideoxy sequencing from Bioserve, Hyderabad. After 
gene sequencing the resultant products were received in 

chromas format from the Bioserve. The sequences were 
aligned and converted to FASTA format by the Bio Edit 
software. Once the gene was aligned properly, it was 
confirmed by blasting in NCBI for its respective regions.

Extraction of VOCs from B. amyloliquefaciens IIHR BA2 
by HS-SPME

The volatiles produced by B. amyloliquefaciens IIHR 
BA2 were extracted by using head space solid-phase 
microextraction (HS-SPME) methods (Díaz-Maroto et al., 
2004). The volatile extraction was repeated thrice and 9 ml 
NB broth was used as control.

Identification of VOCs by gas chromatography-mass 
spectrometry (GC-MS)

Volatiles were separated and identified by using GC-
MS (GC- varian 3800 coupled with MS Varian 4000). The 
helium gas was used as carrier with 1 ml per min flow 
ratein split-splitles injection mode. The SPME volatile 
absorption fiber was directly inserted into the inlet of the 
gas chromatograph connected to a mass spectrometer and 
desorbed at 255°C for 10 min. The column temperature 
programmed was followed as initial temperature 40°C 
hold for 3 min, increased 40 to 160°C at the rate of 3°C/
min for 2 min, then further increased to 230°C at the rate 
of 5°C/min and held for 1 min. The transfer line and ion 
trap temperatures were 250°C and 200°C, respectively 
and the external ionization with a full scan from 50 m/z 
to 400 m/z was used. The volatiles compounds were 
identified by comparing the mass spectrum volatiles and 
GCMS system standard database used NIST 2007 and 
WILEY 2005. 

In vitro efficacy of chemical volatiles on M. incognita 
juvenile mortality

The effects of VOCs released by B. amyloliquefaciens 
IIHR BA2 were evaluated on the mortality of M. incognita 
juveniles. Three VOCs limonene, 1S-alpha-pinene 
(α-Pinene) and cyclohexen-1-one, 2-methyl-5-(carvone) 
were selected based on GC-MS results. Similar synthetic 
chemicals were purchased from Sigma Aldrich, Bangalore, 
India for analysis.

Each compound was diluted and evaluated at 125 
µl/L, 250 µl/L and 500 µl/L, after which M. incognita J2 
were added at ~100 J2 per plate and incubated at 27±2oC. 
The control was maintained with sterile water and juveniles 
with five replications. J2 mortality was observed after 24, 
48 and 72 h under stereozoom microscope (Motic SMZ-
180). After 72 h, inactive nematodes were picked and 
kept in sterile distilled water separately to check whether 
mortality of juveniles was permanent.

Protease and Synthetic Volatile Analogue Compounds from B. amyloliquefaciens IIHR BA2 3
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RESULTS AND DISCUSSION

Effect of crude extract on mortality of M. incognita (J2) 
Experimental results revealed that mortality of 

second-stage juveniles of M. incognita was significantly 
increased with increase in the crude extract concentrations 
and exposure time compared to untreated control. The 
highest juvenile mortality (88.34%) was observed in 
the crude extract of B. amyloliquefaciens IIHR BA2 at 
100% concentration after exposure to 72 h followed by 
the concentration of 75%, 50% and 25% which shown 
the juvenile mortality 68.35%, 61.12% and 41.32%, 
respectively (Fig. 1). 

Fig. 1. Effect of crude extract of B. amyloliquefaciens IIHR 
BA2 on M. incognita juveniles.

Several earlier reports have proved the antagonistic 
action exhibited by Bacillus spp. towards plant parasitic 
nematodes by inhibiting their hatching of eggs and 
enhancing J2 mortality (Rao et al., 2017; Xiao et al., 2018; 
Kamalnath et al., 2019). Nematidical activity was exhibited 
owing to their capability to produce antibiotic compounds, 
nematicidal volatiles and enzymes (Ruiz et al., 2014). 
Cell free culture filtrate of B. subtilis possess the ability 
to produce various lytic enzymes such as protease and 
glucanase that directly attack nematode eggs and surface of 
the second stage juveniles (Chen et al., 2014) and produce 
lipopepetides such as bacilomycin that can affect the 
nematode behavior (Castaneda-Alvarez and Aballay, 2016).

Protease genes
B. amyloliquefaciens IIHR BA2 was subjected to 

PCR reaction for detection of nematicidal neutral protease 
and alkaline protease (Table I). Neutral protease gene 

amplified using specific primers showed amplicon size 
of 1577 bp (Fig. 2). Further amplicons were sequenced 
and blasted in NCBI proved 82% similarity with neutral 
protease which confirmed the presence of neutral protease 
gene. Alkaline protease gene amplified using specific 
primers showed amplicon size of 1149 bp (Fig. 3). Further 
amplicons were sequenced and blasted in NCBI proved 
95% similarity with neutral protease which confirmed the 
presence of neutral protease gene.

Fig. 2. The clear zone of gelatin hydrolysis by B. 
amyloliquefaciensIIHR BA2 on gelatin agar plate.

Fig. 3. PCR amplified alkaline protease 1149 bp (AP) and 
neutral protease 1577 bp (NP).

Lian et al. (2007) amplified the neutral protease 
and alkaline protease from Bacillus spp. and reported 
that synergistic effect of these two different extracellular 
protease enzymes increased the rate of nematode mortality 
by 9%. Tian et al. (2007) reported that deletion of alkaline 
protease in nematotoxic B. laterosporus decreased up to 
57 per cent of its nematicidal activity. Also, Siddiqui et al. 
(2005) confirmed that extracellular protease deletion from 
P. fluorescens CHA0 recorded reduced nematicidal activity. 
Hence, our research finding suggests that extracellular 
protease secretion by B. amyloliquefaciens IIHR BA2 
might play a major role in its nematicidal activity.

Table I. PCR amplified protease gene sequence NCBI blast result.

S. No Identified gene Description E value Identical % Accession No
1. Alkaline protease Subtilisin like protease (Bacillus subtilis) 0.0 95 AHN52401.1
2. Neutral protease neutral protease precursor (Bacillus subtilis) 0.0 82 BAJ41480.1

R. Umamaheswari et al.



5                                                                                        

Onlin
e F

irs
t A

rtic
le

Protease and Synthetic Volatile Analogue Compounds from B. amyloliquefaciens IIHR BA2 5

Protease enzyme and VOCs produced by B. 
amyloliquefaciens IIHR BA2

The qualitative test of protease production performed 
on B. amyloliquefaciens IIHR BA2 using gelatin as 
substrate in agar media revealed a clear zone around culture 
streak by gelatin hydrolysis. This clearly demonstrated the 
protease enzyme production by B. amyloliquefaciens IIHR 
BA2 (Fig. 2). The extracellular protease enzyme activity 
was estimated as 156.80U/ml in B. amyloliquefaciens 
IIHR BA 2.

Many earlier studies have reported extracellular 
protease enzymes as a nematicidal virulence factor from 
bio-control bacteria and fungi (Chernin and Chet, 2002; 
Qiuhong et al., 2006; Tian et al., 2007). It was suggested 
that protease enzyme might play a role in the hydrolysis 
of proteinaceous outer membrane of nematode in order to 
help the bacteria to penetrate and kill the nematode (Leger 

et al., 1987; Ahman, 2000). In the present study, protease 
production by B. amyloliquefaciens IIHR BA2 was 
confirmed in gelatin agar media through clear zone around 
the grown culture. Subsequent quantitative analysis of 
B. amyloliquefaciens IIHR BA2 culture filtrate showed 
156.80 U/ml of extracellular protease enzyme activity. 
Similarly, Alnahdi (2012) observed 246U/ml of protease 
activity in Bacillus spp. Qiuhong et al. (2006) reported 
protease enzyme extract of Bacillus sp. B16 showed 
effective control of nematodes. Hence in this present study, 
presence of extracellular proteases in B. amyloliquefaciens 
IIHR BA2 might possess a role in suppressing nematodes.

The headspace SPME/GC-MS analysis of B. 
amyloliquefaciens IIHR BA 2 revealed the presence of 
52 VOCs (Table II) which includes phenols, alcohols, 
hydrocarbons, ketones, aldehydes, pyrazines, esters, 
organic acids and other molecules.

Table II. Volatile organic compounds identified from B. amyloliquefaciens IIHR BA2 using SPME/GC-MS.

S. No RT Peak name CAS No. Percentage 
abundance

Probability

1. 4.143 Spiro (2.4)hepta-4,6-diene 765-46-8 0.22 28.32
2. 6.835 Ethylbenzene 100-41-4 0.11 77.58
3. 8.055 Styrene 100-42-5 0.835 55.17
4. 9.046 3-Amino-4-pyrazolecarbonitrile 16617-46-2 0.397 62.32
5. 9.255 1,2,5-Trimethylpyrrole 930-87-0 0.073 40.51
6. 9.529 1-amino-4-methyl- Pyridinium 57156-85-1 0.069 33.5
7. 10.579 1H-Pyrrolo (3,2-d) pyrimidine-2, 4(3H,5H)-dione 65996-50-1 1.66 22.48
8. 11.308 Ethanone, 2,2-dihydroxy-1-phenyl 1075-06-5 2.67 5.97
9. 11.819 Octamethylcyclotetrasiloxane 556-67-2 1.661 35.45
10. 12.216 1S-α –Pinene 7785-26-4 2.735 12.25
11. 13.397 Benzenamine, 2-methoxy-4-methyl 39538-68-6 0.029 30.98
12. 14.183 Limonene 138-86-3 4.054 24.88
13. 14.457 3-Carene 13466-78-9 1.513 39.43
14. 15.408 1-Methyl-1,4-cyclohexadiene 99-85-4 0.129 45.46
15. 16.678 4,5-Dimethyl-ortho-phenylenedia 3171-45-7 0.087 33.61
16. 17.845 2-(Phenylthio) propanenitrile 76100-13-5 0.873 49.98
17. 18.539 N-Ethyl-p-toluidine 622-57-1 0.059 21.92
18. 18.831 m-Ethylaniline 587-02-0 0.19 9.82
19. 18.944 2,2'-Bibenzothiazole 4271-09-4 0.287 41.3
20. 19.392 3,4-Diethyl-2-methyl-1H-pyrrole 34874-30-1 0.071 69.3
21. 20.238 Cyclohexanol, 5-methyl-2-(1-methylethyl) 23283-97-8 0.343 9.76
22. 20.825 3-tert-Butyl-5-chloro-2-hydroxy 52196-47-1 0.089 9.73
23. 21.159 2-n-Propylthiolane, S, S-dioxide 71053-02-6 0.244 15.75
24. 22.278 Cyclohexanone, 2-methyl-5-(1-methylethenyl) 5948-04-9 2.202 39.46
25. 22.58 1-Pentadecyne 765-13-9 0.147 5.73

Table continued on next page...........
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S. No RT Peak Name CAS No. Percentage 
abundance

Probability

26. 23.837 5-Methoxy-2,3-dimethyl-1H-indole 156785-76-1 0.171 75.71
27. 24.455 2-Cyclohexen-1-one, 2-methyl-5-(1-methylethyl) 99-49-0 3.376 66.85
28. 25.288 1-Fluorododecane 334-68-9 0.079 13.43
29. 26.484 9,10-Anthracenedione, 1-methyl 128-85-8 1.756 22.89
30. 27.19 5-Acetyl-2-methylpyridine 42972-46-3 1.122 28.6
31. 27.352 Pyridine, 4-(1,1-dimethylethyl) 3978-81-2 0.071 47.93
32. 27.873 Cyclohexane, 1-ethenyl-1-methyl 3242-08-8 0.439 20.74
33. 28.505 Benzenamine, N, N-dibutyl 613-29-6 0.11 63.58
34. 28.818 4-Methyl Quinazoline 700-46-9 0.387 35.92
35. 29.541 2-Pentacosanone 75207-54-4 1.247 7.53
36. 29.717 Copaene 3856-25-5 0.235 28.98
37. 30.046 Cyclobuta (1,2:3,4) dicyclopenten 5208-59-3 1.507 90.81
38. 31.246 Benzenamine, 3,5-bis (1,1-dimethylethyl) 2380-36-1 0.19 35.88
39. 31.539 1,4-Methanoazulene, decahydro-4,8,8-trimethyl-9-methylene 475-20-7 1.257 8.4
40. 31.98 3-Butyl-2-methyl-6,7-dihydro-5H 124790-36-9 0.247 62.21
41. 32.202 4-(1-Butylpentyl) pyridine 2961-47-9 0.052 22.69
42. 33.203 6-Cyanoquinoline 23395-72-4 0.293 24.53
43. 34.083 1,2,3,4,4a,5,6,8a-Octahydro-naphthalene 39029-41-9 0.45 46.27
44. 34.879 2-Tridecanone 593-08-8 0.503 16.76
45. 35.117 α – Farnesene 502-61-4 0.261 47.66
46. 36.559 1H-Indole-3-methanamine, 5-ethyl 74367-51-4 0.103 40.81
47. 40.238 2-Buten-1-ol, 1,1-diphenyl 63553-53-7 0.027 23.32
48. 41.992 Murrayafolin a 4532-33-6 0.047 48.24
49. 42.064 2-Hexyl-1-octanol 19780-79-1 0.079 5.15
50. 42.742 Propaneisocyanide, 2-(6-methoxy-2-naphthyl) 133097-33-3 0.049 34.57
51. 43.123 3-Amino-2-methoxydibenzofuran 5834-17-3 0.042 38.54
52. 48.421 Butyl cyclohexyl phthalate 84-64-0 0.544 16.25

Efficacy of chemical volatiles on M. incognita juvenile
Among the 52 VOCs identified, three major 

compounds which are synthetically available viz., 
limonene, α-pinene, and carvone were tested for their 
effect on juvenile mortality at different concentration 
(125 µl/L, 250 µl/L and 500 µl/L). Among the 3 VOCs, 
maximum juvenile mortality (75.43%) was observed in 
limonene after 72h at 500 µl/L concentration followed 
by carvone (63.40%) and α-pinene (55.14%) (Table III). 
It was observed that the immobile juveniles could not 
recover their mobility after transferring in fresh water 
indicating that the tested volatiles were nematicidal.

B. amyloliquefaciens exhibited antagonistic activities 
against a broad range of soil borne pathogens and 
nematodes by producing antibiotics and enzymes (Chen 
et al., 2006, 2007; Arguelles-Arias et al., 2009; Porwal 

et al., 2009). Many microbes released volatile organic 
compounds have been reported for enhancement of plant 
growth, toxic action on nematodes and induction of 
resistance systemically in plants (Ryu et al., 2003; Farag et 
al., 2006; Gu et al., 2007).

In this present study, the headspace SPME/GC-MS 
analysis showed diverse volatile compound profiles and a 
total of 52 VOCs were detected from B. amyloliquefaciens 
IIHR BA2 in different concentrations. Nematicidal activity 
evaluated on the synthetic compounds of three major 
volatiles viz., limonene, α-pinene and carvone showed 
significant juvenile mortality (55.14 - 75.43%). Similar 
trend in juvenile mortality was recorded by Abdel-Rahman 
et al. (2013) in limonene (79.8 %) carvone (30.1%) and 
α-pinene (13.3%) against C. elegans. Similarly, Eckert et 
al. (2018) reported Limonene as one of the major volatile 
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components in B. subtilis. Various terpenoids were found 
to how nematicidal activity especially against M. incognita 
(Abdel-Rahman et al., 2013; Oka et al., 2000). VOCs 
affect the nematodes causing damage to nervous system 
(Warnock et al., 2017), intestine, surface coat (Geng et 
al., 2016), pharynx and other tissues. VOCs released 
by Bacillus spp. proved fungicidal against Fusarium 
oxysporum, Botryosphaeria berengeriana, Colletotrichum 
gloeosporioides and Penicillium spp. (Andersen et al., 
1994; Minerdi et al., 2009; Zhang et al., 2010; Lee et al., 
2012). Yuan et al. (2012) reported that B. amyloliquefaciens 
produces 36 VOCs out of which 11 compounds completely 
inhibited F. oxysporum. The results of above study suggest 
that the release of VOCs from B. amyloliquefaciens IIHR 
BA2 enhanced its antagonistic action against nematodes. 

Table III. Effect of B. amyloliquefaciensIIHR BA2 
volatiles organic compounds (VOCs) on M. incognita 
juveniles.

VOCs Concen-
tration 
(C)

% Juvenile mortality over control and 
exposure time

24h 48h 72h
Li-
monene

125 µL/L 55.40 (45.31) 58.68 (47.86) 62.71 (52.36)
250 µL/L 58.53 (44.04) 63.87 (46.38) 70.00 (49.55)
500 µL/L 61.07 (43.07) 65.75 (45.25) 75.43 (51.43)

α- 
Pinene

125 µL/L 36.72 (44.85) 41.72 (48.86) 48.88 (50.87)
250 µL/L 40.11 (41.70) 43.43 (45.17) 50.13 (48.14)
500 µL/L 41.33 (49.66) 45.25 (51.03) 55.14 (53.40)

Carvone 125 µL/L 40.08 (39.53) 47.63 (41.39) 51.40 (46.89)
250 µL/L 44.78 (46.06) 53.20 (49.71) 58.79 (55.13)
500 µL/L 52.93 (41.58) 58.14 (45.54) 63.40 (47.83)

CD V – 1.78
C – 1.78
V x C – 3.08

V – 1.95
C – 1.95
V x C – 3.39

V – 1.74
C – 1.74
V x C – 3.02

S.ED (p=0.01) V - 0.65
C - 0.65
V x C – 1.13

V–0.72
C – 0.72
V x C – 1.24

V – 0.64
C – 0.64
V x C – 1.11

Note: Numericals within the parantheses are transformed values (Arc 
sine).

CONCLUSION

The study concluded that crude extract from B. 
amyloliquefaciens IIHR BA2 having higher larvicidal 
activity. Further investigation on active compound 
identification against M. incognita revealed that 
protease and terpenoid volatile organic compounds were 
responsible for larvicidal action. Thus, our study exposes 
B. amyloliquefaciens IIHR BA2 as a potential biocontrol 

agent against root knot nematode and decipheres its 
probable mode of action by producing nematicidal 
enzymes and volatiles organic compounds.
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