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Abstract Plants are ubiquitously colonized by endophytic microorganisms which contribute
significantly to plant health through production of plant growth regulators or disease suppres-
sion. In the present study, an endophytic bacterial isolate designated as BmB 1 with significant
antifungal and plant growth promoting properties was isolated from the stem tissue of Bacopa
monnieri (L.) Pennell. The isolate was studied in detail for the molecular and chemical basis of
its bioactivity which proved it to have the presence of surfactin, iturin, and type I polyketide
synthase (PKS) genes. For the analysis of the chemical basis of antifungal property, extract of
the isolate was initially checked for its activity on test pathogens and LC-MS/MS based
analysis further confirmed the presence of bacillomycin (m/z (M+H+) 1031.8) and surfactin
(m/z (M+H+) 1008.6 and 1022.6) in the extract prepared. The light microscopic and SEM
analysis of the treated and untreated mycelia of the pathogens clearly revealed the hypal
destruction caused by the compounds produced by the selected isolate. This confirms the
ability of the organism to directly inhibit the growth of the tested pathogens. The GC-MS
analysis also confirmed the isolate to have the presence of volatile compounds with the expected
role to induce induced systemic resistance (ISR) of the plant. Because of the multitargeted
antifungal property, the isolate which was identified as Bacillus amyloliquefaciens can have
potential biocontrol applications.
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Introduction

Biodiversity richness and biosynthetic uniqueness are features of endophytic microor-
ganisms that are highly impressive. They have been reported to possess the potential
to produce an array of bioactive metabolites [1] with antifungal properties which
enable the host plants to meet possible challenges generated by phytopathogenic
fungi. So, identification of chemical basis of antifungal property of endophytes can
have immense applications to explore them as biocontrol agents to prevent the plant
diseases in an eco-friendly manner. Many endophytic Bacillus spp. have been reported
to exhibit excellent natural product biosynthetic potential and hence much interest has
been generated in recent years to develop Bacillus based commercial biocontrol
formulations. The broad spectrum antiphytopathogenic properties of Bacillus spp. have
been reported to be due to the production of wide range of secondary metabolites like
lipopeptides, polypeptides, macrolactones, fatty acids, polyketides, lipoamides, and
isocoumarins [2]. Antifungal compounds of peptide group that have been reported
from Bacillus spp. mainly include mycobacillins, surfactins, mycosubtilins, and
fungistatins [3]. In the case of Bacillus amyloliquefaciens, the peptide based as well
as the volatile compounds trigger induced systemic resistance (ISR) [4]. This micro-
bial induction of ISR enables the plant to resist of pathogenic microbes, viruses, and
even nematodes which attack the plants. So, identification of various metabolites with
antifungal properties from newly isolated Bacillus sp. deserves considerable impor-
tance because of the strain specific advantages expected from it. Also, presence of
multitargeted antifungal traits among these isolates may act synergistically to provide
effective protection from pathogens.

Medicinal plants can have highly efficient endophytic microflora to impart plant
growth promoting and biocontrol properties and hence in the current study, the plant
Bacopa monnieri was selected as the source for the isolation of endophytic bacteria.
The plant is commonly known as BBrahmi^ and is used in the preparation of many
medicinal formulations. The major active compounds present in the plant include
stigmastarol, alkaloids, flavonoids, betulicacid, beta-sitosterol, and saponins (bacoside
A and B, bacopaside I and II, and bacopaside X, bacopasaponin C, bacopaside N2).
In the present study, endophytic bacteria BmB 1 from B. monnieri (L.) was selected
for studying the genomic and chemical basis of its antimicrobial property. PCR based
genome mining confirmed the isolate to have the presence of genes for biosynthesis
of surfactin, iturin, and type I polyketide synthase (PKS). The LC-MS/MS based
analysis of the extract further confirmed the production of surfactin derivatives (m/z
(M+H+)—1008.6, 1022.6) and bacillomycin (m/z (M+H+)—1031.5) by the selected
bacterial isolate. The result of the GC-MS also suggests the isolate to have significant
biosynthetic potential. The mechanistic basis of BmB 1 metabolites on cell wall of
test fungi as studied by the light microscopy and SEM analysis confirmed its ability
to disrupt cell wall with the resultant discharge of the cellular constituents. The plant
growth promoting properties associated with BmB 1 further adds the multipotent
application of BmB 1 as both biocontrol and phyto-enhancing agent.
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Materials and Methods

Isolation of Endophytic Microorganisms and Screening for Antimicrobial
Properties

The medicinal plant B. monnieri collected from Kerala Agricultural University was used as
experimental material for the isolation of endophytic microorganisms. The surface sterilization
and the isolation of endophytic bacteria were conducted using the procedures described by
Aravind et al. [5]. Screening for antifungal activity of the isolates was done by dual-culture test
against Rhizoctonia sp., Sclerotium sp., and Pythium sp. as per previously described methods
by Shomura et al. [6]. The plates after incubation at 30 °C for 3–5 days were observed for the
inhibition of the fungal mycelium.

Confirmation of Antifungal Activity

For confirming the activity of the selected endophytic organism, it was inoculated into 3 L of
nutrient broth and was incubated at 30 °C for a period of 10 days with constant shaking in an
incubator shaker. After incubation period, the cell free supernatant was collected by centrifu-
gation at 10,000×g for 10 min at 4 °C. The collected supernatant was then acidified to pH 3.5
and was solvent extracted twice using equal volume of ethyl acetate. After extraction, the
extract was made to dried powder and was then dissolved in methanol [7]. This was subjected
to well diffusion method (20 mg/well) for the confirmation of the presence of antifungal
compounds against Rhizoctonia sp., Sclerotium sp., and Pythium sp.

Molecular Screening for Natural Product Biosynthetic Gene Clusters

For screening the presence of known natural product biosynthetic gene clusters
present in the isolate, PCR based screening method was done using primers specific
for different biosynthetic gene clusters. For this, genomic DNA isolation was con-
ducted using the genomic DNA isolation kit from Chromous Biotech Bacterial
Genomic DNA Mini Spin Kit (RKT 17) as per the manufacturer’s procedure.

Primers used specifically to amplify different genes are summarized as Table S1. PCR was
carried out in 50 μL reaction volume containing 50 ng of genomic DNA, 20 Pico moles of
each primer (both forward and reverse), 1X EmeraldAmp GT PCR Master Mix (Takara Bio
Inc., Japan). PCR was carried out for 35 cycles in a Mycycler™ (Bio-Rad, USA) with the
initial denaturation at 94 °C for 5 min, cyclic denaturation at 94 °C for 30 s, annealing
(temperature and time for specific primers are summarized in supplementary Table 1) and
extension at 72 °C for 2 min with a final extension of 7 min at 72 °C. The amplified PCR
product was visualized by electrophoresis in 1.5 % (w/v) agarose gel incorporated (10 mg/mL)
for confirmation of amplification. The PCR product was then gel purified and sequenced using
the Big Dye Terminator Sequence Reaction Ready Mix (Applied Biosystem, California,
USA). The sequence data obtained was further analyzed by BLAST and detailed insilico
phylogenetic analysis as per the previously described methods [7–9].
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Identification of Bioactive Compounds by LC-MS/MS Analysis

The crude extract was subjected to LC-MS analysis to obtain the pseudomolecular ion of the
active compound using Acquity H-Class (Waters, Milford, Massachusetts, USA) ultra perfor-
mance liquid chromatography with BEH C18 column (1.7 μm, 2.1× 50 mm), Xevo G2
(Waters, Milford, Massachusetts, USA) and Mass spectrometer. The electrospray ionization
was used in both positive and negative mode with a scan range from m/z 50 to 1500, and the
data acquirement time was 9 min. The pseudomolecular ion which was identified for possible
bioactive compound from the LC-MS analysis was further confirmed by detailed LC-MS/MS
based analysis using Acquity H-Class (Waters, Milford, Massachusetts, USA) ultra perfor-
mance liquid chromatography with BEH C18 column (1.7 μm, 2.1× 50 mm) and Xevo G2
(Waters, Milford, Massachusetts, USA) Quadruple Time of Flight (Q-TOF) Mass
spectrometer.

GC-MS Analysis of Extract for Volatile Compounds

GC/MS analysis of the bacterial extract was performed on a 7890 GC system (Agilent
Technology, Santa Clara, California, USA) 5975C inert MSD (mass selective detector) with
an Agilent 190913-433, capillary column (30 m length, 250 μm i.d, 25 μm film thickness).
Helium was used as carrier gas at a constant flow rate of 1.1 mL/min at an oven temperature
programmed from 100 to 250 °C at the rate of 5 °C per minute. The mass spectra thus obtained
were analyzed for major antifungal compounds by comparing with the database NIST 2011
GC/MS Library.

Effect of Compounds from Isolate BmB 1 on Fungal Morphology

For this, both light and electron microscopic analysis was done on treated (with 20 mg of
extract/well) as well as control mycelia of Rhizoctonia sp. and Pythium sp. For light micros-
copy, the mycelial changes were observed under triocular microscope (Olympus®, Japan,
model CX 41). For scanning electron microscopy (SEM), hyphal samples were fixed in 2.5 %
glutaraldehyde at 4 °C for 2 h and washed 15 min in phosphate buffered saline (PBS) for four
times. This was then dehydrated in a gradient of ethanol with each gradient treatment for
10 min and air-dried afterwards. SEM analysis was conducted by observing under JEOL USA
SEM (JSM-6390) at 20 KV with a magnification of ×3700.

Optimization of Antifungal Activity of BmB 1 at Different Incubation Period

For optimizing the incubation period for production of antifungal compound, BmB1 was
cultured on nutrient agar and the pathogens (Rhizoctonia sp. and Pythium sp.) were inoculated
to this at different time intervals ranging from 0 h to 10 days. The growth of selected pathogen
was then observed periodically.

Screening of BmB 1 for Plant Growth Promoting Properties

For screening BmB 1 for IAA production, the isolate was grown for 10 days at 28 °C in
nutrient broth supplemented with 0.2 % (v/v) of L-tryptophan. After incubation, IAA produc-
tion in the cell free supernatant was assayed by Salkowski’s method as per the methods
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described previously by Rahman et al. [10]. For screening the isolate for ammonia production,
the organism was inoculated into peptone water and incubated for 2 days at room temperature.
After incubation, 2–3 drops of Nessler’s reagent was added and formation of a brown color
was observed as positive result [11]. The isolate was screened for the production of hydrogen
cyanide was done using the method described by Jimtha et al. [12]. For this, the isolate was
grown for 4 days in parafilm sealed nutrient agar plates containing 4.4 g/L (w/v) glycine with a
Whatman filter paper no. 1 disc soaked in 2 % sodium carbonate in 0.5 % picric acid solution
placed on the lid of the plate. The ACC deaminase production of the isolate was screened by
using the methods described by Jimtha et al. [12]. For this, the isolated bacteria were grown
on to DF salt minimal medium amended with 2 g/L ammonium sulfate. The bacterial isolate
was screened for phosphate solubilizing property using the procedure described by Surange
et al. [13]. For this, the isolate was inoculated on to the Pikovskaya medium containing
2.4 mg/mL bromophenol blue and was incubated for 48 h. The ability of the isolate for
siderophore production was checked on Blue agar CAS medium containing chrome azurol S
(CAS) and hexa decyl tri methyl ammonium bromide (HDTMA) as indicators [14] by
incubating at 28 °C for 24 h. The BmB 1 was screened for nitrogen fixation using the
method described by Jimtha et al. [12] on Jensen’s nitrogen free media, containing
bromothymol blue as an indicator.

Identification of BmB 1

For this, genomic DNA previously isolated was used as the template for PCR amplification of
16S rDNA using the primers 16SF (5′–GAG TTT GAT CCT GGC TCA G–3′) and 16SR (5′–
GAT ATT ACC GCG GCG CCT G–3′). The PCR product was further purified for its use as
the template for sequencing PCR using Big Dye Terminator Sequence Reaction Ready Mix
(Applied Biosystem, California, USA). The sequence data thus obtained was further subjected
to BLAST analysis [8] and phylogenetic analysis [9].

Results

Screening of Antifungal Activity Against Selected Phytopathogens

Screening of antifungal property of BmB 1 has proved it to be highly active against Rhizoc-
tonia sp. and Pythium sp. There was significant inhibition zone when the test fungi Rhizoc-
tonia sp. and Pythium sp. were cultured along with BmB 1. However, the isolate was not found
to have any inhibitory effect on the growth of Sclerotium sp. (Fig. S1). Also the crude extract
from BmB 1 was also found to have activity against Rhizoctonia sp. and Pythium sp. as
confirmed by well diffusion method. Inhibition of fungal growth near the well loaded with the
crude extract was observed in both the cases (Fig. 1). This confirmed the presence of
compounds with antifungal properties in the crude extract.

Molecular Screening for Natural Product Biosynthetic Gene Clusters

Among the different primers screened, BmB 1 was found to be positive for surfactin (srf)
biosynthesis gene, iturin (Itu) biosynthesis gene, and gene for KS domain of type I polyketide
synthase (PKS). The PCR product sizes were 645, 750, and 2000 bp for surfactin, type I PKS,
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and iturin, respectively (Fig. 2). The PCR products were further sequenced and BLAST
analysis of aminoacid sequence of iturin revealed 73 % identity to that of iturin A synthetase
A of B. subtilis (ABY89498). The aminoacid sequence of surfactin (srf) biosynthesis gene
showed 100 % similarity towards 4′-phosphopantetheinyl transferase of B. amyloliquefaciens
(CBI41443) by BLAST where as PKS gene showed only 91 % similarity to polyketide
synthase gene of B. amyloliquefaciens (KMO08592) (Figs. 3, 4 and 5).

Identification of Antifungal Compound

For the identification of the antifungal compound, extract prepared from BmB 1 was subjected
to LC–MS and LC–MS/MS analysis. From the detailed analysis of the LC-MS chromatogram
with the reported mass, the presence of compounds identified were bacillomycin (m/z (M+H+)

A         B 

BmB1 MeOH BmB1 MeOH 

Fig. 1 Confirmation of the antiphytopathogenic activity of the isolate BmB 1 using well diffusion technique
against Rhizoctonia sp. (a) and Pythium sp. (b)

A    B         C 

Fig. 2 PCR screening of biosynthetic potential of endophytic bacterial isolate BmB 1 from Bacopa monnieri. a
PCR product of iturin gene. b PCR product of surfactin gene. c PCR product of PKS type I gene
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1031.8), fengycin A (m/z (M+H+) 1463.6), iturin (m/z (M+H+) 1057.5, 1071.5, 1085.6), and
surfactin (m/z (M+H+) 1008.6, 1022.6) (Fig. S2).

For further confirmation of the masses present, the pseudomolecular ion masses were
subjected to fragmentation based analysis using tandem MS. The MS/MS based analysis
confirmed the presence of bacillomycin (m/z (M+H+)1031.8) and surfactin (m/z (M+
H+)1008.6 and 1022.6). The confirmation of the fragmented ions was done based on previous
reports in the fragmentation of m/z 1031.5 which proved the presence of m/z 1018, 917, 905,
667, and 585 (Fig. 6). In the case of surfactin, the detailed LC-MS/MS analysis of m/z 1008.6
proved the presence of fragmented masses like m/z 990, 877, 685, 667, 554, and 441 which
proved the presence of surfactin (Fig. 7). When the mass m/z 1022.6 was subjected to the
fragmentation analysis, it yielded the pattern of fragmented masses m/z 1004, 909, 891, 685
667, 554, and 441 (Fig. 8). In case of both masses (m/z1008.6 and 1022.6), the presence of the
base peak at m/z 685 also confirmed the presence of the compounds.

The extract was also analyzed for the presence of volatile compounds by GC-MS analysis.
The volatile compounds identified and confirmed were benzeneacetic acid, pyrrolo[1, 2-
a]pyrazine-1, 4-dione hexahydro-, pyrrolo[1, 2-a]pyrazine-1, 4-dione hexahydro-3-(2-
methylpropyl), octadecanoic acid, 2, 5-piperazinedione, 3-benzyl-6-isopropyl, pyrrolo[1, 2-
a]pyrazine-1, 4-dione hexahydro-3-(phenylmethyl), diisooctyl phthalate (Fig. S3 and Table 1).

Morphological Changes of Rhizoctonium and Pythium Induced by BmB 1

From the light microscopic analysis itself, severe mycelial destruction was observed in both
Rhizoctonium sp. and Pythium sp. treated with isolate BmB 1. The shrinkage of the hyphal
matrix of the fungi occurred and disintegration of mycelia and hyphae were observed. Lysis of
hyphae and suppression of formation of new mycelia were also observed. The SEM images
clearly explained the disruption of the fungal hyphae in the case of the treated samples and were

 peptide synthetase [Bacillus subtilis] (AIW33820)
 iturin A synthetase A [Bacillus amyloliquefaciens TA208] (AEB23761)
 non-ribosomal peptide synthetase [Bacillus amyloliquefaciens] (AEK88756)
 iturin A synthetase A [Bacillus amyloliquefaciens LL3] (AEB63541)
 Isolate BmB 1 ITU gene

 peptide synthetase [Bacillus amyloliquefaciens UASWS BA1] (ERK83469)
 peptide synthetase [Bacillus amyloliquefaciens] (KJD56359)
 non-ribosomal peptide synthetase [Bacillus sp. 916] (EJD66120)91

100

69

0.005

Fig. 3 The phylogenetic analysis of iturin (Itu) gene sequence of the endophytic bacterial isolates BmB 1 along
with sequences from NCBI using MEGA 5 with neighbor joining method using 1000 bootstrap replicates

 Isolate BmB 1 Srf gene
 Surfactin synthetase-activating enzyme [Bacillus amyloliquefaciens DSM 7] (CBI41443)

 4'-phosphopantetheinyl transferase [Bacillus amyloliquefaciens] (WP_045508574)
 Surfactin synthetase-activating enzyme [Bacillus amyloliquefaciens LL3] (AEB61877)

 surfactin synthetase [Bacillus amyloliquefaciens] (AJZ72673)
 surfactin synthetase [Bacillus sp. RNB-100] (BAP10943)
 Sfp [Bacillus amyloliquefaciens] (ACG68436)
 Sfp [Bacillus amyloliquefaciens] (ACG68439)

85
57

66

100

0.01

Fig. 4 The phylogenetic analysis of surfactin (srf) gene sequence of the endophytic bacterial isolates BmB 1
along with sequences from NCBI using MEGA 5 with neighbor joining method using 1000 bootstrap replicates
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clearly distinguishable from that of control where there was no visible disruption of the fungal
cell wall (Fig. 9).

Optimization of the Fermentation Time of the Isolate BmB 1

Time dependent antifungal activity of the BmB 1 against Rhizoctonia sp. and Pythium sp.
was also examined. The isolate BmB 1 was found to exhibit maximum antifungal activity
on the 4th day of incubation when co-inoculated with Rhizoctonia sp. and Pythium sp.
(Figs. 10 and 11).

 Isolate BmB 1 PKS Gene
 polyketide synthase [Bacillus amyloliquefaciens] (KMO08592)

 polyketide synthase [Bacillus methylotrophicus UCMB5036] (CCP21685)
 polyketide synthase [Bacillus methylotrophicus] (WP_041482115)

 polyketide synthase [Bacillus methylotrophicus] (AIU81852)
 polyketide synthase [Bacillus amyloliquefaciens] (KOC82746)

 polyketide synthase [Bacillus methylotrophicus] (KJR70323)
 polyketide synthase [Bacillus subtilis] (AIW37499)
 polyketide synthase [Bacillus amyloliquefaciens] (AEB63415)

99

60

44

98

70

54

0.01

Fig. 5 The phylogenetic analysis of type I polyketide synthase (PKS) gene sequence of the endophytic bacterial
isolates BmB 9 along with sequences from NCBI using MEGA 5 with neighbor joining method using 1000
bootstrap replicates

Fig. 6 Mass spectra of LC-MS/MS based fragmentation analysis of bacillomycin (m/z—1031.8) of extract of
isolate BmB 1m/z—1018, 917, 905, 667, and 585
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Plant Growth Promoting Properties

ACC deaminase production of BmB 1 was confirmed by its growth on Dworkin and Foster
minimal salt medium. The isolate BmB 1 was also found to be ammonia - producing by the
change of color of the broth to brown. The bacterial growth on Jensen’s medium showed its
capability for nitrogen fixation. But, it was found not able to solubilize phosphate and produce
HCN, and was also not producing indole acetic acid.

Identification of the Bacterial Isolate BmB 1

For the identification of the isolate BmB 1 molecular based method using 16SrDNA analysis
was carried out. When the 16S rDNA gene sequence of BmB 1 obtained were analyzed with
BLAST, it showed maximum identity of 99 % towards B. amyloliquefaciens (KF879305). The
BLAST analysis result was further confirmed by phylogenetic analysis as it formed distinct
clustering (Fig. 12).

Discussion

Endophytic microorganisms are considered to play key role in promotion of plant growth and
protection from biotic and abiotic stresses. Due to the production of variety of bioactive
metabolites, the endophytic microbiome of B. monnieri was also expected to be highly

Fig. 7 Mass spectra of LC-MS/MS based fragmentation analysis of surfactin (m/z—1008.65) of extract of
isolate BmB 1m/z—990, 877, 685, 667, 554, and 441
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promising. Bacillus spp. with finely tuned chemical mechanisms which can be exploited for
biocontrol applications, are well known for their ability to assign a large segment of its genome
for the synthesis of diverse range of antimicrobial compounds including ribosomally synthe-
sized compounds and nonribosomally synthesized cyclic peptide compounds like surfactins
and iturins. Iturin producing B. amyloliquefaciens with anti-phytopathogenic activity against
Rhizoctonia sp. has been reported previously as a safe alternative to chemical pesticides [15].
Experiments of Erlacher et al. [16] and Chowdhury et al. [17] have also suggested the use of
Bacillus sp. as biocontrol agent against the phytopathogens affecting lettuce.

Table 1 Summary of the list of volatile antifungal compounds identified by GC/MS analysis of the isolate BmB
1

Retention time Compound identified Mass Quality (%)

7.63 Benzeneacetic acid 136.15 94

19.34 Pyrrolo[1,2-a]pyrazine-1,4-dione hexahydro- 244.28 95

22.99 Pyrrolo[1,2-a]pyrazine-1,4-dione hexahydro-3-(2-methylpropyl) 210.27 87

26.99 Octadecanoic acid 284.48 96

28.76 2,5-Piperazinedione,3-benzyl-6-isopropropyl 246.3 86

29.94 Pyrrolo[1,2-a]pyrazine-1,4-dione hexahydro-3-(phenylmethyl) 244.28 86

33.32 Diisooctyl phthalate 390.56 91

Fig. 8 Mass spectra of LC-MS/MS based fragmentation analysis of surfactin (m/z—1022.87) of extract of
isolate BmB 1m/z—1004, 909, 891, 685 667, 554, and 441
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PCR based screening of the isolate BmB 1 proved it to have the presence of biosynthetic
gene clusters for iturin, surfactin, and polyketides. BLAST analysis of the obtained sequences
gave indirect evidence to the presence of lipopeptide based antifungal compounds in BmB1.
The biosynthetic gene cluster of iturin has been reported to be encoded by iturin A operon
composed of four open reading frames (orfs) ituD, ituA, ituB, and ituC [18]. However, the
gene responsible for surfactin biosynthesis is present as part of srfA operon and the compound
has multifaceted role in competency development and sporulation of bacteria. PCR based
screening used in the current study was found to be highly helpful in the rapid selection of
potential bacteria with multitargeted antifungal compounds.

C D

E F 

G H

A B

Fig. 9 Microscopic analysis of the effect of isolate BmB 1 on the morphological alterations in the hyphal
structure of phytopathogens. a Light microscopic image of untreated Rhizoctonia sp. b Light microscopic image
of BmB 1 treated Rhizoctonia sp. c Light microscopic image of untreated Pythium sp. d Light microscopic image
of BmB 1 treated Pythium sp. e SEM images of untreated Rhizoctonia sp. f SEM images of BmB 1 treated
Rhizoctonia sp. g SEM images of untreated Pythium sp. h SEM images of BmB 1 treated Pythium sp.
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LC/MS analysis showed BmB1 to have the presence of four compounds such as
iturin, fengycin, bacillomycin, and surfactin. However, MS/MS based fragmentation
analysis could confirm the presence of bacillomycin and surfactin only. The presence
of bacillomycin was confirmed by the presence of masses m/z 1018, 917, 905, 667,
and 585. At the same time, presence of surfactin derivative with mass m/z 1008.6 was
confirmed by the presence of masses m/z 990, 877, 685, 667, 554 and 441 and with
m/z 1022.6 confirmed by m/z 1004, 909, 891, 685 667, 554, and 441. The presence
of the base peak at m/z 685 has been suggested as the final confirmation of the
presence of the compounds as they are the precursor ion masses of the surfactin
compound [19]. Even though the mode of action of the antagonistic volatile com-
pounds produced by Bacillus spp. has not been studied in detail, some of them may
be expected to trigger induced systemic resistance (ISR) in plants [4]. In the present
study, the GC/MS analysis has identified a variety of compounds with possible
potential for induced systemic resistance in plants.

The microscopical analysis of the BmB 1 treated mycelia of the Rhizoctonia sp. and
Pythium sp. revealed its effect on the fungal morphology. The light microscopy itself
showed the shrinkage of the hyphal matrix of the treated fungi. The disintegration and
lysis of hyphae and suppression of formation of new mycelia were also observed. The
SEM images clearly showed disruption of the fungal hyphae in the treated samples due
to the mechanistic effect of compounds produced by the BmB 1 on fungal cell wall.
There are many reports that suggest the mechanism of action of bioactive lipopeptide
compounds to be targeting and binding directly to the cell membrane, which inturn

R2

A B C

D E F

Fig. 10 Optimization of antifungal activity against Rhizoctonia sp. at different incubation periods by BmB 1. a
Pathogen inoculated at same day of inoculation. b Pathogen inoculated at 2nd day of inoculation. c Pathogen
inoculated at 4th day of inoculation. d Pathogen inoculated at 6th day of inoculation. e Pathogen inoculated at 8th
day of inoculation. f Pathogen inoculated at 10th day of inoculation
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 Isolate BmB 1
 Bacillus amyloliquefaciens strain V3 (KJ123715)
 Bacillus amyloliquefaciens strain EB32 (KP209408)
 Bacillus amyloliquefaciens strain CCMMB995 (KF879305)
 Bacillus amyloliquefaciens strain: CMW1
 Bacillus licheniformis strain IN10 (JN180125)

 Bacillus firmus strain BSCS3 (HQ397586)
 Bacillus flexus strain EP23 (GQ279347)

 Paenibacillus dendritiformis strain NB12 (JN215506)
 Paenibacillus popilliae strain BPHD (EF190495)

 Enterobacter ludwigii strain M16_2B (JN644496)
 Pantoea agglomerans strain Fbad3 (JN162392)
 Enterobacter cloacae strain STY35 (HQ220157)
 Klebsiella pneumoniae strain 26 (HQ259959)

 Pseudomonas aeruginosa strain N146 (JQ900522)
 Bordetella avium strain AU9795 (EU082156)

 Stenotrophomonas rhizophila strain IHB B 985 (GU186108)
 Pseudomonas hibiscicola strain cp17 (JN082269)
 Stenotrophomonas maltophilia isolate 13 (FN645734)
 Pseudomonas geniculata strain CH-X (HQ696469)

 Xanthomonas arboricola pv. pruni strain CFBP6653 (AJ936965)

65
86

99

99

99

68

58

56

97

92
99

99

81

99

0.1

Fig. 12 The phylogenetic analysis of 16SrDNA sequence of the endophytic bacterial isolate BmB 1 isolated
from Bacopa monnieri along with sequences from NCBI using MEGA 6 with neighbor joining method using
1000 bootstrap replicates

D E F

A B C

Fig. 11 Optimization of antifungal activity against Pythium sp. at different incubation periods by BmB 1. a
Pathogen inoculated at same day of inoculation. b Pathogen inoculated at 2nd day of inoculation. c Pathogen
inoculated at 4th day of inoculation. d Pathogen inoculated at 6th day of inoculation. e Pathogen inoculated at 8th
day of inoculation. f Pathogen inoculated at 10th day of inoculation
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has been suggested to cause the rapid depolarization of the membrane favoring the
translocation of the peptide across the membrane to result in severe loss of the
intracellular constituents and disruption of the cell wall. This direct binding mechanism
also provides an additional advantage of reducing the development of resistance in the
target organisms [20]. The ability of the BmB1 to suppress the growth of Rhizoctonia
sp. and Pythium sp. in a very short span of 4 days as observed in the study is also
indicative of its efficacy in treating the diseased plant without yield loss. Based on the
genetic, metabolite, and morphological studies, it is suggested that the same mechanism
might be the basis of the observed antifungal property of BmB 1. Apart from the
antimicrobial production, the isolate BmB 1 was also showing significant plant growth
promoting capacity. This makes the isolate to be fit for the use not only as a biocontrol
agent but also as a bioenhancer in crop plants.

Rhizoctonia spp. are important soil borne fungal pathogens which causes sheath blight in
corn, rice, cucumber; potato etc. [21]. Pythium spp. are also soil borne pathogens which causes
damping off and root rot diseases on many plant species such as ginger, cabbage, broccoli,
carrot, cucumber, melon, cotton, wheat etc. Both of them cause a severe reduction in the yields
and sometimes total crop loss [22]. There are reports on the identification of microbes with
biocontrol property against either Rhizoctonia sp. or Pythium sp. But, current result is
significantly important as the isolate has broad activity against both Rhizoctonia sp. and
Pythium sp. as confirmed by the LC-MS, GC-MS, and the SEM analysis. Hence, the result
of this study will be of immense help for the development biocontrol formulation based on the
ability of BmB 1 to control the fungal disease of wide range of crop plants. The endophytic
origin of BmB 1 also makes it able to colonize inside the plants. This will also enable the long-
term survival of the organism inside the plant. Organisms like B. amyloliquefaciens have been
explored for plant probiotic potential due to their ability to interact with plant and also due to
their excellent biocontrol mechanisms [17]. The organism in current study is remarkable and
distinct because of its endophytic origin and the antifungal function that might have evolved in
them as part of endophytic life.

In conclusion, the present study mainly focused on the bioactive potential of endo-
phytic bacteria isolated from the stem tissue of B. monnieri. BmB1 isolated in the study
was identified as B. amyloliquefaciens and was found to have genetic and biosynthetic
make-up for production of surfactin and bacillomycin derivatives as identified by PCR
and mass spectroscopic analysis. The antifungal properties of B. amyloliquefaciens were
found to have mechanistic effect on cell wall of plant pathogens as observed by light and
electron microscopic analysis. The occurrence of multi-targeted antifungal mechanisms of
B. amyloliquefaciens makes it highly attractive to be exploited for biocontrol applications.
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