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Abstract

Bacterial endophytes are well known inhabitants of living plant system and perform important assignments in maintaining plant
growth and health. Currently, limited reports are available on the endophytes of pearl millet (Pennisetum glaucum) reflecting
antagonistic and plant growth promoting (PGP) attributes. Therefore, the major objectives of current investigation were to
identify antagonistic strains of endophytic Bacillus from pearl millet and further illustrate their PGP capabilities. In this study,
19 endophytic Bacillus strains (EPP5, EPP21, EPP30, EPP32, EPP35, EPP42, EPP49, EPP55, EPP62, EPP65, EPP70, EPP71,
EPP74, EPP78, EPP83, EPP86, EPP93, EPP100, and EPP102) displaying antagonistic activity towards Rhizoctonia solani (RS),
Sclerotium rolfsii (SR), and Fusarium solani (FS) were isolated from different sections (root, leaf, stem, and root) of pearl millet.
Phenotypic (shape, colony, gram staining reaction, endospore formation, and motility) and biochemical features (catalase,
oxidase, citrate, gelatinase, urease, Voges Proskauer’s, methyl red, indole, and nitrate reduction), along with the similarly
comparison of 16S rRNA gene sequence with type strains identified eight antagonistic endophyhtes as B. amyloliquefaciens
(EPP35, EPP 42, EPP62, and EPP 102), Bacillus subtilis subsp. subtilis (EPP65), and Bacillus cereus (EPP5, EPP71, and
EPP74). The production of indole acetic acid and siderophores was varied among the isolated endophytes. Besides displaying
enzymatic activities, these isolates varied in solubilizing capabilities of phosphate, potassium, and zinc. The presence of three
antimicrobial peptide genes (ifuD, bmyC, and srfA) also confirmed their antifungal nature. Further, single treatment of three
promising strains (EPP5, EPP62, and EPP65) offered protection ranging from 35.68 to 45.74% under greenhouse conditions.
However, microbial consortium (EPP5+ EPP62 + EPP65) provided the highest protection (71.96%) against root rot and wilt
infection with significant increase in plant biomass. Overall, the current study indicated that pearl millet plant harbors various
species of endophytic Bacillus that possess excellent biocontrol and growth promotion activities.
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Introduction

Pearl millet (Pennisetum glaucum) is one of the most imper-
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ative and extensively cultivated millet crops throughout the
world. In India, it is one of the prime millet crops grown
widely under rainfed conditions and consumed as a major
dietary source for millions of peoples living in the resource
deprived regions. Moreover, pearl millet plant has inherent
capability to grow luxuriantly on unfertile and low nutrient
soils [1, 2]. Besides this, pearl millet host has a remarkable
ability to tolerate the negative impacts of climate change be-
cause of the unique and diverse type of endophytic microbiota
present inside the host system [3]. Generally, internal parts of
the plant provide homogeneous and sound environment to
microbes in contrast to rhizosphere and phylloplane, where
microbes struggle for their food and undergo drastic

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42770-019-00172-5&domain=pdf
http://orcid.org/0000-0002-1405-4814
https://doi.org/10.1007/s42770-019-00172-5
mailto:plkashyap@gmail.com

230

Braz J Microbiol (2020) 51:229-241

temperature shift and ultra violet (UV) revelation [4]. Several
studies reported mammoth diversity of endophytic bacteria
associated with plant system and identified their prospective
role in plant growth promotion through multiple mechanisms,
including rapid synthesis of growth hormones, siderophores,
hydrolytic enzymes, secondary metabolites, and activation of
induced plant resistance (IPR) [5—9]. Emerging research evi-
dences clearly pointed out the significance of microbiota
dwelling inside the pearl millet host in offering stress tolerance
as well as assistance in enhancing the survival and fitness
attributes under unfavorable conditions [3, 8]. So far, a wide
range of bacterial species from Bacillus, Agrobacterium,
Burkholderia, Azospirillum, Enterobacter, Rhizobium,
Pseudomonas, and Azotobacter genera have been document-
ed as an excellent growth-promoting endophytes in different
types of crops [8—15]. Unfortunately, limited reports are avail-
able on the plant growth promoting and antifungal activity in
endophytic strains of Bacillus species from pearl millet. Thus,
a better understanding of plant growth promoting and antag-
onistic potential of bacterial endophytes from pearl millet will
be useful for establishing an environment friendly and sustain-
able crop production system.

Endophytic Bacillus is recognized as one of the most prom-
ising bacterium in agriculture sector due to its unique features
of endospore formation, multifarious plant growth promoting
attributes and biocontrol activities towards different kinds of
fungal and bacterial pathogens [9, 16, 17]. Several studies
highlighted the significant correlation of antimicrobial pep-
tides (AMPs) released by Bacillus with the biological man-
agement of several crop diseases and in their indirect role in
plant growth enhancement [18-22]. Generally, AMPs encom-
pass cyclic lipopeptides such as iturin, fengycin, bacillomycin,
and surfactin. Koumoutsi et al. [23] mentioned that
B. amyloliquefaciens FZB42 secretes fengycin and
bacillomycin D for displaying antagonistic activity against
Fusarium oxysporum. Later, it has been observed that the
production of mixtures of bacillomycin, fengycin, and iturin
A by B. subtilis effectively control Podosphaera fusca in cu-
curbits [24]. Similar results of effective suppression of
Fusarium wilt of cacumber and Phytophthora blight of pep-
per due to iturin secretion by B. subtilis ME488 have been
observed [25]. Mora et al. [22] demonstrated the prevalence
of surfactin, fengycin, bacillomycin, subtilin, and iturin in
plant-associated antagonistic populations of Bacillus. Later,
Mora et al. [26] revealed that the antimicrobial capabilities
of plant-associated Bacillus strains towards crop pathogens
is linked with the presence of AMPs genes and to the produc-
tion of the corresponding cyclic lipopeptides, and it is mainly
associated to the species B. subtilis and B. amyloliquefaciens.
On parallel lines, Cao et al. [20] reported strong association of
iturin and fengycin with antagonistic activity towards
R. solanacearum and F. oxysporum. These findings clearly
highlighted that an understanding of the role of AMPs in the
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ecological fitness of pearl millet requires an appreciation of
the distribution of AMP genes in bacterial endophytes. So far,
limited information is available about the presence of AMP
biosynthetic genes in endophytic strains of Bacillus species
from pearl millet.

The endophytic Bacillus strains are emerging players as a
stimulator for plant growth and as biological control agent for
sustainable plant health management. Zhao et al. [27] illustrat-
ed promising application of endophytic strains of
Paenibacillus and Bacillus species from Lonicera japonica
in escalating wheat growth and biological control of plant
pathogens. Similarly, Zhang et al. [28] also highlighted the
antagonistic capabilities of endophytic strains of B. pumilus
and B. subtilis in protecting grapevine seedlings from downy
mildew infection. Later, Haidar et al. [29] explored population
structure and diversity of bacteria from internal parts of
Corchorus olitorius plant and established endophytic
B. subtilis as a promising bioinoculant based on its antifungal
and PGP attributes. Thus, owing to the relevance of endophyt-
ic bacilli in crop growth promotion and disease control, it is
decided to execute the study on the identification and charac-
terization of endophytic strains of Bacillus species with anti-
fungal and plant growth promoting activity. In addition, at-
tempts have been made to study the additive plant growth
promoting effects of inoculation of these antagonistic endo-
phytic strains in pearl millet plant.

Materials and methods
Sampling and isolation of endophytic Bacillus

Field surveys of four distinct sites (Mau, Mirzapur, Varanasi,
and Gazipur) representing Indo-Ganagetic plain (IGP) prov-
ince of India (Table 1) were conducted to collect healthy and
stress free samples of pearl millet from 40-50 day old crop.
Each plant sample comprised of three plants. Different plant
sections (root, stem, and leaf) were collected in sterile plastic
bags to avoid contamination. The protocol of complete surface
sterilization of plant materials mentioned by Coombs and
Franco [30] with few minor modifications was used for the
isolation of endophytic bacteria from pearl millet. Briefly, ex-
terior portions of the collected stem, root, and leaf samples
were washed with sterile tap water followed by double-
distilled sterile water. Soaking of the sterile water-treated plant
samples was performed in ethanol (70%) for 60 s and later
dipped in sodium hypochlorite (3%) for 3 min followed by
ethanol (70%) treatment for 30 s. The final washing of the
treated plant samples was made three times with autoclaved
double-distilled sterile water. Air drying of the processed plant
samples was done on the sterilized Whatman filter paper un-
der laminar air flow cabinet. The completely sterilized plant
tissue (1 g) from each representative sample was macerated
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Table 1 Sampling site

description and in vitro evaluation Strain(s) ~ Plant tissue used for isolation/geographical ~ Mycelial growth inhibition (%)

of antifungal properties of information coordinates

endophytic Bacillus strains on Rhizoctonia Sclerotium Fusarium

inhibition of fungal plant solani (RS) rolfsii (SR) solani (FS)

pathogens
EPP5 Stems/25.8696° N, 83.4386° E #6321 +1.02° 5811 +£2.11*°  58.65+2.14°
EPP21  Stems/25.2876° N, 82.9239° E 4643 +129°  4832+2.18¢ 4976 £2.76°
EPP30  Stem/25.8696° N, 83.4386° E 4856 +1.62°  45.65+1.95 4598 +1.98¢
EPP32  Root/25.8696° N, 83.4386° E 432941958  42.65+2227  38.65+1.65
EPP35  Root/25.8696° N, 83.4386° E 5521 +2.12¢ 5126 +1.14° 5032+ 141°
EPP42  Root/25.5835° N, 83.4870° E 54.12 +2.46° 50.41 £3.19°  51.95+ 1.46°
EPP49  Root/25.5835° N, 83.4870° E 2632+ 1.11" 4428 £1.06°  50.95+ 1.42°
EPP55  Root/25.2876° N, 82.9239° E 35.62 +1.65' 4426 +326% 3846+ 1.65"
EPP62  Root/25.1137° N, 82.5444° E 58.42+2.13°  5021+2.85°  5538+£2095°
EPP65  Root/25.1137° N, 82.5444° E 50.18 £2.19¢  5323+142°  50.17 £2.22°
EPP70  Stem/25.1137° N, 82.5444° E 39.43+231"  3532+2.12" 3832+ 1.76
EPP71  Stem/25.5835° N, 83.4870° E 5124+2.104  5223+1.95¢  50.11 +2.91°
EPP74  Stem/25.5835° N, 83.4870° E 54.18 +2.13° 513242284 50.13 +2.32°
EPP78  Leaf/25.5835° N, 83.4870° E 36.44 +2.111 20.74+1.98  31.65+ 1338
EPP83  Leaf/25.5835° N, 83.4870° E 27.13 +£2.32¢ 2332+1.65 2585+ 1.08"
EPP86  Leaf/25.2876° N, 82.9239° E 32.98 +2.97 39.85+2.98% 3543 +1.95
EPP93  Leaf/25.2876° N, 82.9239° E 4123 +3.11"  4637+146°  43.13 £2.08°
EPP100  Leaf/25.1137° N, 82.5444° E 29.85+2.79%  49.65+2.65% 4513 +2.11¢
EPP102  Leaf/25.1137° N, 82.5444° E 51.41+1.94¢ 5173 +1.98°¢ 52,11 +2.98°

*Data were analyzed for significance with analysis of variance (ANOVA) followed by DMRT test (p = 0.05).
Values with different letter indications represent a statistically significant difference

and grinded in sterile mortar pestle using sterile phosphate
buffer saline (PBS) solution (Hi-Media Laboratories Pvt
Ltd., India). Tissue extracts were collected in the tubes, and
heat treatment was performed in shaking water bath according
to procedure mentioned by Sharma et al. [31]. Heat-treated
tissue extracts were then serially diluted (1072 to 10°°), and
an equal volume (100 pl) of aliquot from each dilution was
plated onto Luria-Bertani (LB) agar, nutrient agar (NA), nu-
trient broth yeast extract (NBYE), and Tryptic Soya Agar
(TSA). The inoculated Petri plates were incubated for 48 h
at 30 = 2 °C. The sterilization efficiency was confirmed and
validated by inoculating the last rinse of washing water (100
upl) on Petri plates containing TSA medium and later inspected
for the appearance of colonies. Colonies with distinct
morphotypes were identified and each strain was preserved
in 50% (v:v) glycerol at — 80 °C [32].

In vitro screening for antagonistic activity

Antagonistic capabilities of bacterial strains of endophytic or-
igin were confirmed by monitoring mycelium growth inhibi-
tion of three highly aggressive and virulent crop pathogens
viz., Fusarium solani (FS), Rhizoctonia solani (RS), and
Sclerotium rolfsii (SR) in dual-culture plate assay. A small
piece of fungal mass (5 mm in diameter) from active culture

(FS/RS/SR) was placed onto the center of Petri plate contain-
ing PDA:NA (1:1) media. Each bacterial strain (~ 6 x 108 cfu
ml ") was streaked in a straight line along the outer edge of
Petri plate and incubated at 30 = 2 °C for 5 days. Fungus (FS/
RS/SR) inoculated Petri plate without endophytic strain was
maintained as a control. The inhibition diameter (mm) and the
percentage of mycelial growth inhibition by each strain of
endophytic bacteria were determined by using the following
formula proposed by Sharma et al. [33].

Percent mycelia growth inhibition (%) = (C-T/C) x 100

where, C = radial growth (mm) of fungus in control, and 7" =
Radial growth of the fungus (mm) in the presence of endo-
phytic strain in dual culture plate

PCR amplification of AMP gene (s), sequencing,
and phylogenetic analysis

Eight Bacillus strains (EPP5, EPP35, EPP42, EPP62, EPP6S5,
EPP71, EPP74, and EPP102) displaying strong antifungal ac-
tivities (Table 1) were further screened for the presence of
various AMP genes viz., surfactin (srfA), iturin (ifuD), and
bacillomycin (bmyC). The PCR amplification of AMP genes
was performed according to the information mentioned in
Table S1. The generated PCR products were purified by using
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Nucleo-pore sure extract PCR clean-up kit (Genetix Biotech
Asia Pvt. Ltd) and sequenced by using BigDye terminator
chemistry version 3.1 with an automated capillary sequencer
(Applied Biosystems). National Center for Biotechnology
Information (NCBI) GenBank was used to recognize the best
similarly match for obtained gene sequence data and submit-
ted in NCBI GenBank under the following gene sequence
accession numbers: MK645296-MK645303 for surfactin
(srfA), MK645304- MK645311 for iturin (ituD), and
MK645312-MK645319 for bacillomycin (bmyC).
Nucleotide sequences encoding for AMP genes in phyloge-
netically closely related bacterial species were retrieved from
NCBI GenBank for performing phylogenetic analysis.
Sequence reads were aligned with Clustal W [34], and result-
ed alignment profiles were used to construct best fit phyloge-
netic tree using the neighbor-joining method [35] with
Kimura’s two-parameter model [36] executed in MEGA 7
software [37]. Bootstrap analysis was performed to assess
confidence levels for the branches with 1000 replicates [38]

(Fig. 1).
Identification of bacterial endophytes
Phenotypic identification and characterization

For phenotypic identification, colony morphology (gram-
staining reaction, shape, colony, endospore formation, and
motility, etc.) of each endophytic bacterial strain was record-
ed. Gram and endospore staining was performed according to
Prescott et al. [39]. Motility of each bacterial strain was exam-
ined by cultivating bacterial strain in semi-solid motility test
medium [40].

Biochemical characterization

Biochemical characterization (catalase, oxidase, citrate,
gelatinase, urease, Voges-Proskauer’s, methyl red, in-
dole, and nitrate reduction) was executed by employing
Bacillus identification test kit (Himedia, India), follow-
ing the manufacturer’s instructions. Qualitative determi-
nation of ammonia and hydrogen cyanide (HCN) pro-
duction by each endophytic bacterial strain was per-
formed according to the outline mentioned by
Cappuccino and Sherman [41] and Bakker and
Schippers [42], respectively.

Molecular identification For molecular identification of endo-
phytic bacteria, total genomic DNA of each pure strain was
isolated as per the procedure adopted by Solanki et al. [43].
The 16S rRNA genomic region of the each bacterial strain was
amplified by using primer pair (27F and 1525R) mentioned in
Table S1. Polymerase chain reaction (PCR) was carried out in
a thermal cycler (G-STORM, UK) and thermal profiles

@ Springer

mentioned in Table S1 were employed for amplicon genera-
tion. The generated PCR product (~ 1500 bp) was gel purified
by Nucleo-pore sure extract PCR clean-up kit (Genetix
Biotech Asia Pvt. Ltd) and later sequenced by using BigDye
terminator chemistry version 3.1 with an automated capillary
sequencer (Applied Biosystems). NCBI database was used to
recognize the best similarly match type strain for obtained 16S
rRNA gene sequences and submitted in NCBI GenBank da-
tabase under following accession numbers: MK560062,
MK560066, MK560067, MK560070, MK560071,
MK560073, MK560074, and MK560080 for EPPS, EPP35,
EPP42, EPP62, PP65, EPP71, EPP74, and EPP102 strains,
respectively. Phylogenetic analysis and tree construction was
performed as per the methodology mentioned in earlier
section.

Determination of plant growth promoting (PGP) features

The chromeazurol (CAS) agar assay described by Schwyn
and Neiland [44] was used to test the ability of endophyt-
ic bacterial strains for siderophore production. Briefly, test
strains were spot inoculated on CAS agar plates and in-
cubated at 30 = 2 °C for 5 days. Development of yellow-
orange halo around the growth was identified as positive
for siderophore production. Similarly, the production of
IAA in selected endophytic bacterial strains was deter-
mined according to Bric et al. [45]. Endophytic strains
grown for 3 days in nutrient broth at 30 £ 2 °C were
centrifuged at 3000 rpm for 30 min. The supernatant (2
ml) was mixed with two drops of orthophosphoric acid
and 4 ml of the Salkowski reagent and incubated at room
temperature for 20 min, after which the absorbance was
determined at 530 nm using pure IAA (Sigma- Aldrich,
USA) as a standard. For assessing the zinc (Zn), potassi-
um (K), and phosphorous (P) solubilization potential; each
endophytic bacterial strain was spot inoculated in agar
Petri plates comprising LGI-P semi-solid medium [46]
amended with 0.1 % zinc oxide (ZnO), modified solid
Aleksandrov medium [47] supplemented with potassium
feldspar powder, and tricalcium phosphate [Ca3(POy4),] as
insoluble phosphate source [48], respectively. All inoculat-
ed Petri plates were incubated at 30 = 2 "C for 3-7 days.
The mineral solubilization potential of each endophytic
bacterial strain was confirmed by transparent halo zone
formation around the bacterial colony. The diameter of
halo zone and colony growth was recorded in mm. The
ability of endophytic bacterial strains for the production of
extracellular hydrolytic enzymes (amylase, cellulose, prote-
ase, and lipase) were studied by growing each strain of
endophytic bacteria on NA medium supplemented with a
specific ingredient substrate [49-52]. Different substrate
sources such as soluble starch (1%), carboxy methyl cel-
lulose (CMC; 1%), casein (1%), and tributerin were
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Fig. 1 Neighbor-joining a)stfA
phylogenetic tree based on the

srfA (a), bmyC (b), and ituD (c)

gene sequences of shortlisted

antagonistic bacterial endophytes

from pearl millet host and those of

Bacillus amyloliquefaciens DSM 7 (JF279530)

Bacillus amyloliquefaciens EPP102 (MK645299)
7 Bacillus amyloliquefaciens EPP62 (MK645298)

Bacillus amyloliquefaciens EPP42 (MK645297)

closely related strain sequences.
The significance of each branch is
indicated by a bootstrap value (%)
estimated for 1000 subsets; only
values above 50% are shown.
Scale (bar) indicated substitutions

Bacillus amyloliquefaciens EPP35 (MK645296)
Bacillus subtilis subsp. subtilis NCD-2 (KX646742)
98 U Bacillus subtilis subsp. subtilis EPP65 (MK645300)

Bacillus cereus 1000305 (CP028516)

Bacillus cereus EPP71 (MK645303)

per site. The accession numbers
of the strains are presented in pa-
rentheses. Bold accessions indi-
cate the strains identified in the

present study 0.10

b) bmyC

100 | Bacillus cereus EPP74 (MK645302)

Bacillus cereus EPP5 (MK645301)

Bacillus amyloliquefaciens VB6 (KJ609024)

Bacillus amyloliquefaciens EPP35 (MK645304)
4

Bacillus amyloliquefaciens EPP42 (MK645305)

Bacillus amyloliquefaciens EPP62 (MK645306)

Bacillus amyloliquefaciens EPP102 (MK645307)
Bacillus subtilis VB9 (KJ609026)
93 Bacillus subtilis subsp. subtilis EPP65 (MK645308)
Bacillus cereus DFE4 (AY137375)
Bacillus cereus EPP5 (MK645309)

0.10

¢) ituD (C)

100 | Bacillus cereus EPP71 (MK645310)

Bacillus cereus EPP74 (MK645311)

Bacillus amyloliquefaciens EPP62 (MK645314)
Bacillus amyloliquefaciens EPP102 (MK645315)
6 Bacillus amyloliquefaciens EPP42 (MK645313)
Bacillus amyloliquefaciens EPP35 (MK645312)
Bacillus amyloliquefaciens 1/6k (MK328485)
Bacillus cereus NCTC7464 (UFSU01000002)

Bacillus cereus EPP5 (MK645317)

99 | Bacillus cereus EPP71 (MK645318)

Bacillus cereus EPP74 (MK645319)
‘Bacillus subtilis subsp. subtilis BEST7003 (AP012496)

0.20

utilized for the detection of amylase, cellulase, protease,
and lipase activities, respectively. Each inoculated Petri
plate was independently treated with iodine reagent, congo
red, and Coomassie Brilliant Blue stains and incubated at
30 £ 2 °C for 5 days. A positive enzymatic activity was

100 ! Bacillus subtilis subsp. subtilis EPP65 (MK645316)

reflected by transparent halo zone formation around the
bacterial colony. The diameter of halo zone and colony
growth was recorded in mm. All the assays were executed
in three independent replicates and means were
determined.
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Greenhouse experiment

The greenhouse experiments were carried out in sterile
sandy loam soil [organic C (0.60%); EC = 6.5 dS m™';
NPK (160: 70: 44, Kg hafl); pH = 7.2 and sodium
absorption ratio (SAR) of 75]. Depending on the anti-
fungal activity and detection of antimicrobial peptide
genes (AMP) and PGP attributes, three endophytic
Bacillus strains were chosen for pot study. FS was cul-
tivated on sterilized pearl millet seeds. Later, pathogen
inoculum was added in sterile soil and incubated for 2
days at 25 £ 2 °C inside the polythene bag to maintain
the moisture level. The sterilized soil was inoculated
with virulent FS conidia (3 x 10° conidia gramfl) into
the sterilized soil at a rate of 5% (w:w) and filled in
pots (45 x 60 cm). Before sowing, seeds of pearl millet
(cv. NDFB-2) were rinsed with sterile tap water and
later dipped in sodium hypochlorite (1%) for 5 min to
ensure complete surface sterilization. For seed treatment,
suspension of overnight grown active culture (10% cfu
ml ") of each shortlisted strain of endophytic bacteria in
PBS solution was prepared. Surface sterilized pearl

millet (cv. NDFB-2) seeds were soaked in bacterium
culture for 12 h. The treatments were (T1) EPP5 +
FS, (T2) EPP62 + FS, (T3) EPP65 + FS, (T4) EPP5
+ EPP62 + FS, (T5) EPP5 + EPP65 + FS, (T6) EPP62
+ EPP65 + FS, (T7) EPP5 + EPP 62 + EPP65 + FS,
(T8) Healthy control (sterilized soil without FS only),
and (T9) disease control (FS alone). Three replications
were maintained for each treatment, and each replication
composed of three pots in a completely randomized de-
sign (CRD) under greenhouse condition. Plant growth
characteristics like length and weight (both fresh and
dry) of the leaf and root were monitored after 30 days
of seed sowing. Disease symptoms were recorded and
disease severity was scored on a 0-4 scale after 30
days, where 0, 1, 2, 3, and 4 indicate no infection
(completely healthy root tissue), 0-25% infection (min-
ute pin pointed dark-brown lesions on root tissue), 25—
50 % (bigger size, superficial dark-brown lesions on
root tissue), 50-75 % infection (necrotic root), and
75-100% infection (tissue death), respectively [53].
The data was further employed to calculate the percent
disease index (DI) using the following formula:

PDI (%) = | (number of diseased plants at each rating scale x number of plants scored)/(highest score x total number of plants)| x 100

Statistical analysis

All the laboratory and greenhouse experiments were executed
in three replicates and followed complete randomized design
(CRD). The level of significance and effects of each treatment
were measured by performing one-way ANOVA. Post hoc
comparative analysis of mean values was conducted by
Duncan’s multiple range test (DMRT) at 5% probability level.

Results

Isolation and screening of endophytic bacterial
strains for antifungal activity

The results of in vitro antagonistic screening of endophytic
strains isolated from the leaves, stems, and roots of pearl millet
host (Table 1) indicated that nineteen endophytic bacterial
strains reflected positive inhibitory effects on fungal myceli-
um growth towards all the three phytopathogenic fungi (FS/
RS/SR). Eight strains (EPP5, EPP35, EPP42, EPP62, EPP65,
EPP71, EPP74 and EPP102) displayed antagonistic effect
against the growth of three tested pathogens (> 50.0% myce-
lium inhibition), where endophyte EPP5 was recorded as the
highest inhibitor for all the three fungi (Table 1).
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Identification and characterization of bacterial
endophytes

For phenotypic identification, colony morphology (gram
staining reaction, shape, colony, endospore formation, and
motility etc.) of each endophytic bacterial strain was re-
corded and listed in Table S2. Morphological characters
indicated that all the isolated endophytic bacterial strains
belonged to genus Bacillus. Further, molecular phylogeny
of all the eight strains of endophytic bacteria was per-
formed, and a combined dendrogram based on 16S rRNA
gene sequences of endophytic strains and their best match
type strains (T) from NCBI database was generated (Fig 2).
All screened strains of endophytic bacteria from pearl millet
host showed 99-100% resemblance with Bacillus genus.
The 16S rRNA gene sequences of endophytic bacterial
strains were submitted in NCBI GenBank with following
accession numbers: EPP5 (MKS560062), EPP35
(MK560066), EPP42 (MK560067), EPP62 (MK560070),
EPP65 (MK560071), EPP71 (MK560073), EPP74
(MK560074), and EPP102 (MK560080). The antagonistic
endophytic strains were classified as: B. amyloliquefaciens
(EPP35, EPP42, EPP62, and EPP 102), Bacillus subtilis
subsp. subtilis (EPP65), and Bacillus cereus (EPPS5,
EPP71, and EPP74).
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Bacillus amyloliquefaciens EPP42 (MK560067)

89 | Bacillus amyloliquefaciens EPP102 (MK560080)

8 Bacillus amyloliquefaciens EPP35 (MK560066)

100

98

100

Bacillus amyloliquefaciens DSM 7 (FN597644)T

Bacillus amyloliquefaciens EPP62 (MKS560070)

<{Bacillux subtilis subsp. subtilis NCIB 3610(ABQL01000001) T

Bacillus subtilis subsp. subtilis EPP65 (MK560071)
Bacillus cereus ATCC 14579 (AE016877) T

Bacillus cereus EPPS (MK560062)

Bacillus cereus EPP71 (MK560073)

Bacillus cereus EPP74 (MKS560074)

—
0.02

Fig 2 Neighbor-joining phylogenetic tree based on the 16S rRNA gene
sequence of shortlisted antagonistic bacterial endophytes from pearl
millet host and those of closely related type strain (T) sequences. The
significance of each branch is indicated by a bootstrap value (%) estimat-
ed for 1000 subsets; only values above 50% are shown. All positions

Detection and phylogenetic analysis of AMP genes

The PCR amplification of AMP genes from shortlisted
antagonistic endophytic Bacillus strains was shown in
Fig S1. Surfactin (srfA), bacillomycin (bmyC), and iturin
(ituD) gene amplification showed one specific band of
201 bp, 395 bp, and 647 bp, respectively, in all the
eight shortlisted endophytic strains. Phylogenetic tree
based on srfA (Fig. 2a), bmyC (Fig. 2b), and ituD
(Fig 2c) and genes reflected 93—100% homology among
each Bacillus strain and further categorized into three
clades according to their species. All AMPs gene se-
quences from different strains were submitted in NCBI
with accession number MK645296-MK645319.

Pseudomonas fluorescens DSM: 50090 (KX186944)

containing gaps and missing data were eliminated. Scale (bar) indicated
0.02 substitutions per site. The accession numbers of the strains are pre-
sented in parentheses. Bold accessions indicated the strains identified in
the present study. Pseudomonas fluorescens DSM: 50090 was used as an
outgroup

Functional characterization of endophytes for plant
growth promotion attributes

The statistical analysis and evaluation of examination of re-
sults (Table 2) demonstrated variable range of IAA production
(49.04-152.32 ug ml™") by endophytic Bacillus strains. Strain
EPPS5 was identified as maximum [AA producer (152.32 pg
ml™"). Strain EPP71 did not show IAA production. Among
eight shortlisted strains, only seven strains (EPP5, EPP42,
EPP62, EPP65, EPP71, EPP74, and EPP102) indicated
siderophore production, which is reflected by variable size
transparent halo zone (10.62-25.65 mm) formation around
the bacterial colony. Strain EPP5 was observed as highest
siderophore producer and resulted in large and transparent

Table 2 The production of the

phytohormone (IAA), Strain IAA (ug ml™") Diameter of clear zone (mm)

siderophores, and solubilization

of phosphorous (P), potassium Siderophore P solubilization K solubilization ~ Zn solubilization

(K), and zinc (Zn) by shortlisted

endophytic Bacillus strains EPP5 #15232+1.02°  25.65+2.52°  21.21+121° 19.45 + 1.84° 2513 £ 1.12°
EPP35 69.52 +2.16¢ - - 14.34 +2.43° 11.17 = 1.21¢
EPP42 114.11 +1.08° 10.62 +2.41¢ 11.25 + 1.65¢ 11.08 + 1.41° -
EPP62 77.35 +0.98° 14.64 + 1.40° 10.41 +0.95¢ 11.95+2.13¢ 20.12 +1.13°
EPP65 42.04 +1.22° 1121+ 1.10¢  1321+121° 16.85 +2.98° 10.95 = 2.10¢
EPP71 - 1321+ 1.18° 16.38 = 1.08° 9.86 + 0.95° 14.95 +2.76°
EPP74 115.18 £ 1.14° 15.62 + 0.98° 13.02+1.18° - -
EPP102  49.04 + 1.45° 12.31 + 1.95% 10.95 + 0.98¢

*Data were analyzed for significance with analysis of variance (ANOVA) followed by DMRT test (p = 0.05).
Values with different letter indications represent a statistically significant difference
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halo zone (25.65 mm) formation. No transparent halo zone
formation was observed in case of EPP35.

Endophytic bacterial strains were assessed for their Zn,
K, and P solubilization potential under controlled labora-
tory conditions and statistically analyzed results were men-
tioned in Table 2. Apart from four strains (EPP5, EPP62,
EPP65, and EPP71) of endophytic bacteria, none of the
other strain was able to demonstrate transparent halo zone
against all the three tested nutrient substrates. Further, it
was noticed that all the tested strains of endophytic bac-
teria differed in their capabilities to solubilize Zn, K, and
P substrates. Strain EPP35 and EPP102 did not illustrate
any type of transparent halo zone for P nutrient. Only six
strains (EPP5, EPP42, EPP62, EPP65, EPP71, and EPP74)
were categorized as the phosphate solubilizers, displaying
prominent transparent halo zone (13.02-21.21 mm).
Interestingly, seven endophytic bacterial strains (EPPS,
EPP35, EPP42, EPP62, EPP65, EPP71, and EPP102) were
reported as promising K solubilizer (Table 2). Strain EPP5
displayed strong K solubilizing potential and produced
highest halo zone (19.45 mm) in contrast to EPP74 strain
reflecting no transparent and prominent halo zone forma-
tion (Table 2). Similarly, in case of Zn solubilization, only
five endophytic bacterial strains (EPP5, EPP35 EPP62,
EPP65, and EPP71) showed prominent and variable size
transparent halo zones around their bacterial colony.
Statistically, two strains (EPP65 and EPP35) showed least
Zn solubilization (10.95-11.17 mm zone) in comparison to
strain EPP5, which showed maximum halo zone diameter
(25.13 mm) around bacterial colony.

It was remarkable that shortlisted bacterial endophytes pro-
duced several extracellular enzymes; however, different endo-
phytic strains displayed variable enzymatic activities
(Table 3). Bacterial strain EPP74 showed the maximum pro-
tease (21.70 mm zone) and lipase (32.07 mm zone) activities
compared to other strains (Table 3). Strains EPP5, EPP71, and

EPP65 were recorded as the highest producer for amylase
(23.12 mm zone), chitinase (31.43 mm zone), and pectinase
(25.74 mm zone) enzymes, respectively.

Effect of endophytic Bacillus strains on biocontrol
and growth promotion of pearl millet

In order to study the effect of endophytes Bacillus strains on
seedling growth under pathogen presence, three endophytes
(EPPS5, EPP62, and EPP65) were selected based on their po-
tential antagonistic activity (Table 1), presence AMPs genes
(Fig 1), and PGP attributes (Tables 2 and 3). The results of
glass house study (Table 4) revealed significant inhibition of
FS, in endophytic Bacillus-treated seeds when compared with
T8 and T9 control treatment. Treatment T4 (EPP5 + EPP62),
T5 (EPP5 + EPP65), T6 (EPP62 + EPP65), and T7 (EPPS +
EPP62 + EPP65) reflected synergistic effect on the plant
growth promotion and disease suppression. Treatment T7
(EPP5 + EPP62 + EPP65 + FS) reflected higher value of
means in terms of plant fresh weight (6.594 g), dry weight
(2.854 g), shoot length (18.95 cm), and root length (9.85
cm). FS treatment (T9) had the lowest mean for root (1.45
cm) and shoot length (1.10 cm) followed by T8 (control with-
out endophyte + FS). In case of root length, FS treatment (T6)
was found significantly different in comparison to other treat-
ments. Among individual application of endophytic strains,
T1 (EPPS5 + FS) accounts for the highest mean for shoot length
(16.52 cm), root length (8.52 cm), fresh weight (5.65 g), and
dry weight (2.654 g) followed by T2 (EPP62 + FS) and T3
(EPP65 + FS), respectively (Table 4). The seedlings from
seeds treated with the bacterium displayed significant incre-
ment in percent disease control (35-72%) compared to FS
control (T9). Maximum disease index was observed in T9
(76.51%) followed by T2 (49.21 %) and T3 (48.98 %) treat-
ments (Table 4), whereas maximum disease reduction over

Table 3 The in vitro hydrolytic

enzyme activities displayed by Strain Clear zone formation (diameter in mm)

shortlisted endophytic Bacillus

strains Protease Amylase Lipase Chitinase Pectinase
EPP5 #11.20 + 0.71° 23.12 +1.02° 2247 +1.71° 31.43 +0.85° 21.04 +1.01%
EPP35 10.08 + 0.91¢ 13.42+152¢ 19.08 + 1.27° 23.12 £ 1.42° 24.04 +2.05°
EPP42 11.14 +2.10 13.62 +2.21¢ 19.10 + 1.04° 13.42 £ 1.18° 18.42 +2.20°
EPP62 12.42 +0.95% 18.02 + 1.07° 13.71 + 1.43° 10.12 + 1.098 13.62 +2.28"
EPP65 14.21 £2.01° 2032 +1.72° 17.07 = 1.76¢ 14.30 + 1.43° 25.74 + 1.19%
EPP71 12.41 +0.74% 23.62 +2.08° 12.27 + 1.08° 11.40 £ 1.07° 23.12 £ 1.12°
EPP74 21.70 + 0.32° 12.22 +1.31¢ 32.07 +1.85° 21.46 +0.76° 12.10 = 1.82F
EPP102 11.14 £2.08° 13.22 + 1.09¢ 18.54 + 1.23¢ 18.73 £0.95¢ 20.85+2.21¢

*Data were analyzed for significance with analysis of variance (ANOVA) followed by DMRT (p = 0.05). Values

with different letter indications represent a statistically significant difference
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control was reported in T7 (71.96 %) followed by T6 (56.11),
T5 (53.67 %), and T4 (49.90 %).

Discussion

Bacillus is recognized as one of the most dominating and
prospective genus as cultivable endophytes in myriads of
crops including cereals and vegetable crops [9, 16, 17,
54-58]. Due to their exceptional feature of endospore forma-
tion, they can withstand harsh and hostile environment, and
this attribute is clearly evident in the endophytic strains of
Bacillus recovered from pearl millet, which has inherent ca-
pability to grow luxuriantly on unfertile and low nutrient soils.
In the present study, eight endophytic bacterial strains
displaying excellent antagonistic activity from pearl millet
host were assessed on the basis of dual culture assay and
presence of AMP genes and further evaluated for their pro-
spective role as a plant growth stimulator. The present inves-
tigation also confirms the existence of phenotypic and meta-
bolic assorted population of antagonistic endophytic Bacillus
inside pearl millet host. Morphological, biochemical, and mo-
lecular identification of endophytic bacterial strains based on
16S rRNA sequence analysis and their inferences clearly dem-
onstrated that pearl millet host contained different strains of
B. amyloliquefaciens, B. subtilis subsp. subtilis, and B. cereus.
Similarly, analogous reports of endophytic and ubiquitous
presence of Bacillus strains in various plant species have been
documented [5, 16, 17, 59].

In the current study, majority of the endophytic strains of
Bacillus species dwelling inside pearl millet host revealed
their antifungal potentialities towards three agriculturally im-
portant plant pathogens (RS, SR, and FS). These fungal path-
ogens are preferred as test organisms for antagonistic confron-
tation assay due to their wide host range, prolific growth, and
ability to cause major economic loss in various crops [60—62].
Further, in India, wilt and root rot caused by FS, is a major
disease of pearl millet that significantly reduces production,
and causes severe yield losses under congenial environmental
conditions [63]. So, microbial management of FS by utilizing
endophytic Bacillus strains may offer a potential and viable
solution to replace health hazardous and environment-
polluting chemicals. Endophytic B. amyloliquefaciens,
B. subtilis, and B. cereus strains with antifungal activity to-
wards diverse types of crop pathogens have been well docu-
mented [64—67]. The present investigation revealed that endo-
phytic B. amyloliquefaciens (EPP35, EPP 42, EPP62, and
EPP 102), B. subtilis subsp. subtilis (EPP65), and B. cereus
(EPPS5, EPP71, and EPP74) strains are highly promising and
proficient antagonists showing > 50% fungal mycelium
growth inhibition against all the tested phytopathogenic fungi
(RS, SR, and FS). One of the most significant characters of
these endophytic bacterial strains reflecting strong

antagonistic behavior may be explained by prevalence of
structurally different antibiotics (surfactin, bacillomycin, and
iturin) with manifold mode of action [14, 21, 26, 68—70]. PCR
based screening of AMP gene(s) in the present study clearly
reflected the presence srfA, bmyC, and ituD genes in all the
endophytic Bacillus strains. These results are in line with other
researchers that correlated presence of multiple antifungal
peptide genes with antagonistic capabilities of Bacillus strains
[20, 22, 25, 26, 43, 71]. Thus, these AMP genes and their
secretions by antagonists act as one of the vital components
for effective pathogen inhibition. For instance, ifu gene has
been reported to enhance the permeability of fungal cell mem-
branes by pore formation and reducing the loss of essential
macromolecular compounds. Similarly, s7f genes(s) facilitated
bacterium to produce biofilm synthesis [72]. Several reports
indicated that bmy gene(s) cause severe damage to the plasma
membranes and alterations to both cell wall and cell mem-
brane of fungal spores and hypha, resulting in cell death [69,
73]. In general, a large number of antifungal peptide-
producing microbes of fungal and bacterial nature have been
identified as effective biocontrol agents (BCAs) against myr-
iads of fungal crop pathogens [19, 20, 23, 43, 74, 75].
Analogous to earlier reported research findings, the present
study also confirmed the role of antifungal peptide-mediated
mechanism in the effective inhibition of RS, FS, and SR.
Besides, PCR based amplification of AMP biosynthetic genes
(srfA, bmyC, and ituD) in all the endophytic strains has
established the occurrence of these gene(s) at the molecular
level, and reflected homology with earlier reported antibiotic
genes in Bacillus strains [43, 76]. Phylogenetic tree based on
these three distinct AMP genes also bestow a clear cut conno-
tation of the homology. With these supportive evidences of the
previous research findings [43, 77], it seems that AMPs could
be responsible for the noteworthy inhibition of fungal plant
pathogens in current investigation. However, the exact mech-
anism of antagonistic capabilities generated by endophytic
bacterial strains need to be explored in detail, in light of pres-
ent clues that hydrolytic enzyme (protease, amylase, lipase,
and cellulose) synthesis, siderophore release, and presence
of lipopeptide genes (surfA, bmyC, and ituD) in the identified
antagonistic strains of endophytic bacteria reveal their com-
petitiveness which can be clubbed with other crop protection
and PGP features for improving the plant growth.

Generally, plant growth is drastically disturbed by poor
availability of soil nutrients [78]. The inadequate solubiliza-
tion of mineral nutrients like P, K, Zn, and N resulted in nu-
trient poor agricultural soil [79, 80]. Four endophytic antago-
nistic Bacillus strains (EPP5, EPP62, EPP65, and EPP71)
identified in the present study were able to transform insoluble
form of nutrients (P, Zn, and K) to soluble form as evident
from their capabilities to form clear halo zone. These obser-
vations are in conformity with prior reports that bacterial
strains differ significantly in their level of mineral nutrient
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(Zn, K, and P) solubilization [80, 81]. Dias et al. [82] also
noticed the prominent phosphate solubilizing trait in endo-
phytic strains of Bacillus subtilis and B. megaterium from
strawberry host. Further, they also concluded that a transpar-
ent and big halo zone formation clearly confirmed their strong
solubilization potential of insoluble P, Zn, and K compounds
due to pH change. Similarly, in the present study, P, K, and Zn
solubilizing strains such as B. amyloliquefaciens EPP62,
B. subtilis subsp. subtilis EPP65, B. cereus EPPS5, and
B. cereus EPP71 have been reported as antagonistic endo-
phytes in pearl millet host. These results are in conformity
with previous published research findings of Ramesh et al.
[83], Yuan et al. [84], and Nair and Padmavathy [85] that
highlighted the K and Zn solubilizing potential of endophytic
Bacillus strains. There might be a possibility that seed soaking
with endophytic strain of Bacillus can result in rapid introduc-
tion, penetration, and colonization of internal sections of root
radicals, as observed by Algam et al. [86]. In the present study,
it has been observed that strain B. cereus EPP5 remarkably
improves plant biomass by escalating nutrient uptake efficien-
cy, releasing plant growth hormones, and hampering fungal
mycelium growth by synthesizing siderophores and extracel-
lular fungal cell wall degrading enzymes as reflected by dif-
ferent in vitro experiments mentioned in the current study.
Parallel reports regarding the siderophore producing capabil-
ity of endophytic strains of Bacillus species have been pre-
sented by Ginting et al. [87]. Recently, Ribeiro et al. [13] also
obtained encouraging results of inoculation of endophytic
strains of Bacillus species on plant biomass augmentation
and nutrient (N, P, K) availability in the stem. Similarly, in
the present study, a significant increment in plant biomass as a
consequence of B. cereus EPP5 inoculation has been ob-
served. Thus, the major processes responsible for growth pro-
motion of pearl millet by endophytic strains of Bacillus attrib-
uted to the rapid activation of various biochemical and molec-
ular processes during the period of plant- Bacillus interactions,
which as a consequences lead to the synthesis of hormones

(IAA and siderophores), rapid nutrient solubilization and mo-
bilization (Zn, K, and P), excessive production of extracellular
hydrolytic enzymes, and secretion of AMP genes, etc.

Wilt and root rot caused by FS is an atrocious soil-borne
fungal disease of pearl millet in India with limited disease
management success [63]. The present investigation clearly
evidenced the effectiveness of EPP5, EPP62, and EPP65
strains in promoting growth and suppressing FS infection in
pearl millet. Positive and significant results of antagonistic
and plant growth promoting traits were achieved with these
strains when applied singly or in consortium mode during
in vivo bio-control experiments. Seeds treated with antagonis-
tic endophytic strains (B. cereus EPPS, B. amyloliquefaciens
EPP62, and B. subtilis subsp. subtilis EPP65) effectively in-
hibit the growth of the FS as well as enhanced the plant bio-
mass including shoot and root length. These research findings
are in conformity with previous reports, where significant
growth improvement in wheat, rice, pearl millet, sorghum,
maize, tomato, and oilseed crops have been documented by
inoculating seeds with endophytic bacteria [8, 88-90]. An
important observation was that the combined application of
B. cereus EPP5 +B. amyloliquefaciens EPP62 + B. subtilis
subsp. subtilis EPP65 strains has additive effect relative to
single strain treatments on FS suppression. Similarly,
Raupach and Kloepper [91] also documented that, consortium
of antagonistic strains (B. pumilus + B. subtilis +
Curtobacterium flaccumfaciens) improved growth promotion
and reduced disease incidence in cucumber in comparison to
individual strain application.

In conclusion, the present research identified and charac-
terized endophytic strains of Bacillus species displaying PGP
attributes along with strong and wide spectrum antagonistic
traits. Further, research findings advocate the potential appli-
cation of these antagonistic endophytic Bacillus strains in con-
sortium mode (B. cereus EPPS + B. amyloliquefaciens EPP62
+ B. subtilis subsp. subtilis EPP65) in transforming current
pearl millet production system as well as health management

Table 4 The in vivo inhibitory and plant growth-promoting activity of endophytic Bacillus strains on pearl millet plants under glasshouse conditions

Treatment (s) Shoot length (cm)  Root length (cm)  Fresh weight (g)  Dry weight (g)  PDI (%) PDC (%)
T1: EPP5 + FS #16.52 + 0.98° 8.52 + 0.46™ 5.651 095"  2.654+0.54® 4151+1.51° 4574
T2: EPP62 + FS 14.95 +1.18° 746+ 1.11° 5214+066™  2252+0.58™ 4921+331° 3568
T3: EPP65 + FS 15.20 = 1.02¢ 7.97 +1.10° 4.821 +0.46¢ 1.952+049¢ 4898 +3.11° 3598
T4: EPP5 + EPP62 + FS 16.98 + 0.98° 8.75+0.97° 5.947 +0.43%° 2784 +0.28" 3833+3.01° 49.90
T5: EPP5 + EPP65 + FS 16.77 +0.92° 8.65+0.74° 5.827 £ 031% 2624 +038%  3545+291° 53.67
T6: EPP62 + EPP65 + FS 17.52 +0.28% 8.94 + 0.66% 6.121 £0.94%° 2722 +0.62® 33.58+191¢ 56.11
T7: EPP5 + EPP62 + EPP65 + FS 18.95 + 1.20° 9.85+0.97* 6.594 £ 1.05 2.854+£031°  2145+291° 71.96
T8: Control (sterilized soil without FS)  12.41 + 0.79 6.13+0.85¢ 5.028 +1.27% 2.101 £0.44°¢ - -

T9: FS only 1.10 +0.528 1.45+0.74° 1.114 + 1.11° 0.85 +0.05° 7651 +191* -

*Data were analyzed for significance with analysis of variance (ANOVA) followed by DMRT test (p = 0.05). Values with different letter indications
represent a statistically significant difference; PDI, per cent disease index; PDC, percent disease over control
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strategies. Although, the research findings of current study are
at beginning stage for developing field effective biocontrol
measures, and further detailed field experimentation is re-
quired to support the current findings.
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