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Abstract

Background Biocontrol is regarded as a viable alternate technique for managing sugarcane wilt disease caused by Fusarium
sacchari. Many fungal antagonists against F. sacchari, have been reported, but the potential of bacterial antagonists was
explored to a limited extent, so the present study evaluated the antagonistic potential of rhizoplane Bacillus species and
their mode of action.

Results A total of twenty Bacillus isolates from the rhizoplane of commercially grown sugarcane varieties were isolated.
The potential isolate SRB2 had shown inhibition of 52.30, 33.33, & 44.44% and SRB20 of 35.00, 33.15, & 36.85% in direct,
indirect, and remote confrontation respectively against F. sacchari. The effective strains were identified as Bacillus inaquo-
sorum strain SRB2 and B. vallismortis strain SRB20, by PCR amplification of 16S-23S intergenic region. The biochemical
studies on various direct and indirect biocontrol mechanisms revealed the production of IAA, Protease, Cellulase, Sidero-
phores, and P solubilization. The molecular analysis revealed the presence of antimicrobial peptides biosynthetic genes like
fenD (Fengycin), bmyB (Bacyllomicin) ituC (Iturin) and spaS (Subtilin) which provided a competitive edge to these isolates
compared to other Bacillus strains. Under greenhouse experiments, the sett bacterization with SRB2, significantly (P <0.001)
reduced the seedling mortality by > 70% followed by SRB20 in F. sacchari inoculated pots.

Conclusion The study revealed that the isolates B. inaquosorum SRB2 and B. vallismortis SRB20 can be used as potential
bioagents against sugarcane Fusarium wilt.

Keywords Rhizoplane - Bacillus - Antagonistic activity - Fusarium - Pre and Post emergent seedling mortality

Introduction

Sugarcane (Saccharum officinarum L.) is an ancient valuable cash
crop that is the raw material for sugar production. In recent years,
it has gained more importance globally due to its associated ben-
efits of biofuel and biogas production [15]. However, there has
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is insufficient to ward off the infection completely because
of its systemic nature and the impervious sett or cane rind
makes it hard for the entry of fungicide into the deeper
tissues. Moreover, wilt pathogen is also soil-borne but soil
treatment with fungicides is not economical and also has
several detrimental effects [53]. Among the viable alter-
native methods, indigenous rhizobacteria play a vital role
in growth promotion and disease management in different
crop plants [46].

The ability of the rhizobacterial bioagents to colonize
the roots and produce hydrolytic enzymes, siderophores,
and antibiotics aids the plant to combat the pathogens
directly or through inducing systemic resistance [53].
Bacillus species are the most extensively studied among
the various genera reported to possess plant growth pro-
motion and antagonistic activity [24].

Any biocontrol investment would be appropriately com-
pensated by increased crop yield as sugarcane is a commer-
cial commodity with significant economic value. The sugar
industry manages the crop effectively through large-scale
cultivation across continuous areas that make it simple to
deliver biocontrol formulations. Ratooning and monocrop-
ping make the biocontrol agents self-sustainable without
interruption. Additionally, the by-product of the sugar

Table 1 Antagonistic efficacy of Sugarcane Rhizoplane Bacil-
lus (SRB) isolates against F. sacchari under in vitro dual culture
at 9DAI. Values with similar alphabets do not differ significantly

industry known as "pressmud" makes a perfect carrier in
the mass production of biocontrol agents [30]. Hence there
is a specific advantage in adopting biocontrol measures for
the control of sugarcane diseases. Therefore, the present
investigation was undertaken to isolate and screen antago-
nistic Bacillus species from rhizoplane of various sugarcane
genotypes against F. sacchari under in-vitro and in-vivo con-
ditions and to reveal the biocontrol mechanisms of potential
candidates through biochemical and molecular studies.

Methods

Isolation of Bacillus species from rhizoplane The rhizoplane
samples were collected by uprooting the sugarcane plants
along with root portion from various sugarcane genotypes
grown in Anakapalle district of Andhra Pradesh, India
(Table 1), and 1 g of the sample was briefly vortexed in
10 ml sterilized distilled water. The bacterial population was
brought down to 107® concentration by serial dilution, and
1 ml of the final dilution was inoculated on the Bacillus Agar
media containing Bacillus selective supplement (8 ml per
1000 ml of media) and incubated at 28 °C. Distinct colony
types were purified and maintained on nutrient agar. The

(P<0.01). Values in the parenthesis are square root transformed val-
ues. AUMGC—Area under mycelial growth curve

Isolates  Variety Cultural characters Radial growth(cm)  Inhibition AUMGC
(%)

SRB1 81A 49 Irregular, Undulate, Flat, Smooth, Opaque, White 7.81(2.79)° 13.22 35.84+0.79
SRB2 87A 298 Round, Even, Flat, Rough, Transparent, White 4.29(2.07)8 52.30 21.34+0.38
SRB3 93A 145 Round, Even, Flat, Smooth, Opaque, Milky white 8.92(2.98)¢ 0.93 39.15+1.28
SRB4 97A 85 Round, Undulate, Flat, Smooth, Opaque, White 7.45(2.73)° 17.22 36.98 +0.52
SRB5 2000A 56 Round, Even, Raised, Smooth, Opaque, Creamy white 8458(2.93)de 4.63 37.81+£0.61
SRB6 2000A 56 Round, Even, Raised, Smooth, Opaque, Creamy white 8428(2.88)‘] 7.96 37.43+0.92
SRB7 2000A 56 Irregular, Even, Flat, Smooth, Opaque, White 8495(2.99)ab 0.56 40.76 £1.02
SRB8 2003A 255 Round, Even, Raised, Smooth, Opaque, Creamy white 7.65(2.77)° 15.00 38.05+1.34
SRB9 2001A 63 Round, Even, Raised, Smooth, Opaque, Creamy white 8.82(2.97)‘3lbc 2.04 39.75+1.51
SRB10 2009A 107 Irregular, Even, Flat, Smooth, Opaque, White 8.52(2.92)Cd 5.37 37.30+1.14
SRBI11 2001A 63 Round, Undulate, Flat, Smooth, Transparent, White 9.00(3.00)* 0.00 40.80+0.30
SRBI12 87A 298 Round, Even, Flat, Smooth, Opaque, Milky white 8.98(3.00)* 0.19 40.85+0.61
SRB13 87A 298 Round, Even, Flat, Smooth, Opaque, Milky white 8.29(2.88)¢ 7.85 38.75+0.68
SRB14 Co 0238 Round, Even, Flat, Smooth, Opaque, Milky white 8.97(2.99)® 0.37 40.41+0.61
SRBI15 Local variety Round, Undulate, Raised, Smooth, Opaque, Milky white  8.98(3.00) 0.19 40.78 +1.09
SRB16 VCF 0517 Round, Undulate, Flat, Smooth, Opaque, Creamy white 7.50(2.74)¢ 16.67 36.18+1.21
SRB17 CoVC 99463 Round, Even, Flat, Smooth, Opaque, Creamy white 8.78(2.96)abc 2.41 39.50+1.02
SRB18 CoVC 2003-165  Round, Even, Raised, Smooth, Opaque, Milky white 8.82(2.97)%° 2.04 38.85+0.82
SRB19 VCF 0517 Round, Even, Raised, Smooth, Opaque, White 9.00(3.00)* 0.00 40.45+0.34
SRB20 2009A 107 Irregular, Undulate, Flat, Rough, Opaque, White 5.85(2.42)f 35.00 27.12+0.10
Control 9.00(3.00)* 41.63+1.09
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gram reaction of isolated bacteria was evaluated using 3%
KOH, and the non-stickiness of the KOH-treated colony
indicated the Gram-positive reaction of bacteria.

Cultural characterization Twenty bacterial colonies were
characterized by observing culture plates under a compound
microscope (40X). Colony characters like shape, margin,
texture, opacity, and pigmentation were studied and morpho-
logically characterized as described by Dasgupta [6].

Phytopathogen A single virulent isolate of F. sacchari
was obtained from the Plant Pathology Division, Regional
Agricultural Research Station, Anakapalle, Andhra Pradesh,
India.

Screening of the isolates for antagonistic potential Twenty
isolates of bacteria obtained from sugarcane rhizoplane
were evaluated for their antagonism against F. sacchari
at three different levels, i.e., direct, indirect, and remote
confrontation.

Direct confrontation Dual culture assay was followed using
the protocol given by Dennis and Webster [8]. A 5 mm cul-
ture disc of F. sacchari was centrally placed on a PDA con-
taining Petri plates. A loopful of 24-h-old culture of test
bacterial antagonist was streak inoculated on either side of
the pathogen disc at a distance of 2 cm and incubated at
28 °C for 9 days. The pathogen-inoculated PDA plate with-
out bacterial streak, served as control. Each treatment was
replicated thrice in a completely randomized design (CRD).
The radial growth of the pathogen was recorded at an inter-
val of 3 days, and per cent inhibition was calculated using
the formula given by Vincent [47].

Growth in control — Growth in treatment
x 100

Per cent inhibition = -
Growth in control

Area Under Mycelial Growth Curve (AUMGC) = Y7 [(Xpy +X;)/2] [t — 1]

X.

. colony diameter (cm) at the i observation,

t.

;. time (days after inoculation) at the i observation and

n total number of observations.

Indirect confrontation The selected three bacterial isolates
inoculated in 100 ml of Nutrient broth, were incubated on a
rotary shaker at 100 rpm for 48 h. The cultures were centri-
fuged at 10,000 rpm for 5 min. The supernatant was collected
and filtered through a 0.25 pm membrane filter under sterile
conditions, and the obtained filtrates were amended to PDA at
various concentrations (10, 20, and 30%). A 5 mm mycelial
disc of F. sacchari was placed centrally on each plate. Three
replications were maintained for each treatment. Non-amended

PDA was used as the control. The per cent inhibition of patho-
gen was calculated using the above-mentioned formula.

Remote confrontation The selected three isolates were
evaluated for their antifungal property by the sealed plate
method. The compartment inoculated with a 5 mm myce-
lial disc of F. sacchari was placed in an inverted position
over the compartment streaked with potential antagonistic
bacteria. Control plates were maintained with fungal inocu-
lation alone. The tightly sealed plates were incubated at 28
°C in an incubator and were observed for pathogen inhibi-
tion. The per cent inhibition was calculated using the above-
mentioned formula.

Molecular characterization of potential antagonistic iso-
lates Genomic DNA was extracted from all the twenty
isolates grown in Nutrient broth for 24 h using a modi-
fied CTAB method [39]. The integrity and concentra-
tion of purified DNA was determined using a Nanodrop
Spectrophotometer.

Initially, the extracted DNA of all the twenty isolates was
subjected to PCR amplification using Bacillus genus-specific
primers BCF1 (5'- CGG GAG GCA GCA GTA GGG AAT
-3") & BCF2 (5'- CTC CCC AGG CGG AGT GCT TT -3")
for their identification. The species-level identification of two
potential isolates was done using 16S-23S intergenic region
primers i.e. 16F945 (5'- GGG CCC GCA CAA GCG TGG
-3") and 23R458 (5'- CTT TCC CTC ACG GTA C -3"). The
reaction mixture (25 pl) contained 2.5 pl of 10X PCR buffer
(Thermo Scientific), 2 pl of 25 mM MgCl, 1 pl of 0.01 mM
dNTPs, 0.3 pl of 1U Taq polymerase (Thermo Scientific),
1 pl of 0.001 M forward and reverse primer each, 15.2 pl of
molecular grade water and 2 pl of sample DNA. Steps in PCR
include initial denaturation at 95 °C for 5 min and 35 cycles of
denaturation at 94 °C for 1 min, annealing at 53 °C for 1 min,
primer extension at 72 “C for 2 min, and final extension at
72 °C for 10 min. Samples (5 pl) of the PCR products were
separated on a 1.2% agarose gel in 1X TBE buffer (90 mM
Tris borate, 2 mM EDTA [pH 8.0]) in a horizontal electro-
phoresis unit (SCIE-PLAS) at 60 V and 60 mA for 1 h and
the PCR products were visualized in gel documentation unit.

Amplified PCR products of 16S-23S intergenic region of
the two potential isolates were sequenced by Bioserve Bio-
technologies (India) Pvt. Ltd., Hyderabad. The obtained
gene sequences were analysed using BLASTn in NCBI. The
sequences were aligned in Clustal W and a phylogenetic tree
was constructed using the maximum likelihood method with
1000 bootstrap values in MEGA 7 software.
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Table 2 List of primers used for

Sequence (5'=> 3")

Gene Annealing temp Product size

2 N o ) Primer Expression product
amplification of antimicrobial
peptide biosynthesis genes in FENDF  Fengycin
Bacillus species FENDR
BMYBF Bacyllomicin
BMYBR
ITUCF  Iturin
ITUCR
SPASF  Subtilin
SPASR

GGCCCGTTCTCTAAATCCAT  fenD 58 °C 270 bp
GTCATGCTGACGAGAGCAAA

GAATCCCGTTGTTCTCCAAA  bmyB 55°C 370 bp
GCGGGTATTGAATGCTTGTT

GGCTGCTGCAGATGCTTTAT  iruC 58 °C 423 bp
TCGCAGATAATCGCAGTGAG

GGTTTGTTGGATGGAGCTGT  spaS 58 °C 375 bp
GCAAGGAGTCAGAGCAAGGT

Biochemical assays to screen Bacillus isolates
for their biocontrol potential activity

All the twenty bacterial isolates were tested for their plant
growth promoting and disease supressing traits through the
following qualitative biochemical tests.

Phosphate Solubilisation The phosphate solubilisation abil-
ity of bacterial isolates was detected by inoculating them on
Pikovaskaya’s agar plates [33]. The inoculated plates were
observed for clear zone around the colonies after incubation
for three days at 28 °C.

IAA Production A modified agar plate assay was used to
qualitatively estimate IAA production by Bacillus isolates
[41]. Luria Bertani Agar plate amened with 100 pug mI~! of
tryptophan was used. A cavity of 5 mm diameter and 0.2 cm
depth was made using a sterile cork borer. Each cavity was
filled with 50 pl of overnight-grown culture and incubated at
30 °C for 24 h. After the incubation, two drops of Salkowski
reagent was added. The development of pink colour after
the addition of Salkowski reagent was considered positive
for IAA production.

Protease Activity All bacterial isolates were screened for
protease activity by inoculating on skim milk agar plates.
The inoculated plates were observed for clear zone around
the colonies after incubation for three days at 28 °C [43].

Cellulase Production The Czapek-mineral salt Agar medium sup-
plemented with Carboxy methyl cellulose was used for qualitative
estimation of cellulase production by bacterial bioagents [27]. A
5 mm agar disc of one-day-old bacterial culture was placed on the
media and incubated at 28 °C in darkness for 4 days. The plates
were washed with aqueous Congo red (2% w/v) solution for 15 min.
Further, it was washed with NaCl (1 M) for 1.5 min. The yellow
opaque area around the colonies indicates cellulase production.

Siderophore Production Modified CAS medium was
used for qualitative estimation of siderophore production
by bacterial isolates [40]. The plates were inoculated with
bacterial discs and were incubated in the dark at 28 °C for

@ Springer

5 days. The orange zones around the wells were considered
siderophore-positive.

Molecular analysis to screen Bacillus isolates for their biocontrol
potential activity The gene-specific primers (Table 2) were used
to decipher the distribution of antimicrobial peptide genes fenD
(Fengycin), bmyB (Bacyllomicin) ifuC (Iturin) and spaS (Subtilin)
in the isolates [31]. Steps in PCR include initial denaturation at 94 °C
for 5 min and 40 cycles of denaturation at 94 “C for 1 min, annealing
temperature (Table 2) for 1 min, primer extension at 72 °C for 1 min,
and final extension at 72 °C for 5 min. Samples (5 pl) of the PCR
products were separated on a 1.2% agarose gel in 1X TBE buffer
in a horizontal electrophoresis unit at 100 V and 60 mA for 90 min.
The PCR products were visualized in a gel documentation unit for
desired bands that confirm the antibiotic production by the isolates.

Greenhouse experiment Single node setts of wilt suscep-
tible cultivar, 2009A 107 were first soaked in a conidial
suspension of pathogen (F. sacchari) overnight and then
treated with a cell suspension of selected three bacte-
rial bioagents (10° CFU ml~!) for 30 min. Five single-
budded setts were sown in each pot. For healthy check,
setts were soaked in autoclaved distilled water and for
inoculated check, setts were treated with only pathogen
(F. sacchari). The experiment was performed in a com-
pletely randomized block design with five replications
per treatment. The setts were watered regularly. Data on
germination percentage, plant stand, and mortality were
recorded till 60 DAS.

. . Number of setts germinated
Germination (%) = UmDer 07 SelS SCTMINAIES % 100
Number of setts sown

No. of plants in treatment
Plantstand(%) = —————— X 100
(%) = ot plants in Healthy check
_ 1 o7y _ No.of setts ungerminated
Pre — emergence mortality (PEM)(%) = e r— 100
No. of scedlings died 1y
No. of setts germinated

Post emergence seedling mortality (PESM)(%) =

check (%)—PEM in treatment (%) 1
PEM in inoculated check(%) x 100

i __ PESM in inoculated check(%)~PESM in treatment (%)
Reduction in PESM (%) = PESM in inoculated check (%)

Reduction in PEM (%) = PEM in

Statistical analysis

Data analysis was performed based on standard procedures fol-
lowed by Gomez and Gomez [12] and also analysed in R statistical
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programming environment. The following R packages were used
in data analysis: datasets, agricolae, tidyverse (a collection of R
packages designed for common data science tasks such as data
cleaning and visualization), and readx1 (data import into R from
Excel). The figures were plotted in Excel sheet and Prism software.

Results

Isolation of Bacillus Species A total of twenty bacterial isolates
were obtained on Bacillus specific media, and all the isolates
were classified as Gram-positive bacteria as they remain unaf-
fected in the 3% KOH test. The isolated Bacillus strains were
preserved and available in the Division of Plant Pathology,
Regional Agricultural Research Station, Anakapalle, India.

Cultural Characterization of Rhizoplane Bacteria Sixteen out of 20
isolates were round in shape and the other isolates SRB1, SRB7,
SRB10, and SRB20 were irregular in shape. Many isolates had
flat colonies (13) with even margins (14) with some exceptions,
viz,, SRB5, SRB6, SRB8, SRB9, SRB15, SRB18, and SRB19 had

raised colonies and SRB1, SRB4, SRB11, SRB15, SRB16, and
SRB20 had wavy margin. There was no much variation in the tex-
ture, opacity, and pigmentation of the colonies, most of the isolates
were opaque with smooth texture and creamy to milky whitish
colonies except SRB2 and SRB20 which were rough textured and
SRB2 and SRB11 were transparent in nature.

Direct Confrontation In dual culture assay, the direct confront
between F. sacchari and the isolates SRB2, SRB4, and SRB20
had shown inhibition of 52.30, 17.22 and 35.00%, respectively
on the ninth DAI (Table 1) and were considered antagonistic
to F. sacchari. A clear zone of inhibition was seen in SRB2
(2.5 mm) (Fig. 1) and minimum AUMGC was observed with
isolates SRB2 (21.34) and SRB20 (27.12) indicating their
better antagonistic activity in comparison to other isolates and
reduction of AUMGC with respect to control by 48.73 and
34.85%, respectively (Graph 1). The three potential isolates
(SRB2, SRB4, and SRB20) were selected for further tests.

Indirect Confrontation The three potential isolates were
evaluated for their antifungal nature in the absence of active

Fig. 1 Antagonistic efficacy of Bacillus isolates against F. sacchari
at Direct (a, b, ¢ & d) Indirect (e, f, g & h) 30% concentration and
Remote (i, j, k & 1) confrontation. Inhibition of mycelial growth was

observed with SRB2 (d, h & 1), SRB20 (¢, g & k) and SRB4 (b, f &
J) when compared to control (a, e & i) inoculated with only F. sac-
chari
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Graph 1 Graphical representation of in-vitro percent inhibition of mycelial growth of F. scchari in direct confrontation by antagonistic bacterial
isolates at 3, 6 & 9 DAI. Numbers on X-axis indicates isolates SRB1 to SRB20 respectively

colonies. Here, instead of bacterial colonies, the culture filtrate
of the selected isolates at three different concentrations (10, 20,
and 30%) was tested for their antifungal property (Table 3).
The increase in concentration of culture filtrate from 10 to 30%
resulted in an increased inhibition of the pathogen from 11.94
to 26.54% (Graph 2). The pathogen was highly inhibited by
the culture filtrates obtained from SRB2 (33.33%) and SRB20

Table 3 Effect of Indirect and Remote confrontation of potential
antagonistic bacterial isolates on radial growth of F. sacchari in vitro.
Values with similar alphabets do not differ significantly (P <0.01)

Isolates Inhibition (%) against F. sacchari
Indirect confrontation Remote
confronta-
10% 20% 30% tion
SRB2 22.04° 27.78° 33.33° 44.447
SRB4 10.93¢ 23.11° 23.33¢ 26.85¢
SRB20 21.67° 28.33° 33.15° 36.85°
40-

° mm SRB2

g 4 B 3 SRB4

<

8 =3 SRB20

@

Q. 20+

c

.0

=) 1o—I ﬂ

£

£

0- T
10% 20% 30%
Culture filtrate concentration

Graph 2 Effect of indirect confrontation by antagonistic bacterial iso-
lates at 10, 20 & 30% culture filtrate concentration

@ Springer

(33.15%) at 30% concentration (Fig. 1). The lowest inhibition
was seen in SRB4 (10.93%) at 10% concentration.

Remote confrontation The paired plate assay of three poten-
tial isolates with F. sacchari showed varied levels of antago-
nism (Fig. 1). F. sacchari was significantly (P <0.001) inhib-
ited by 26.85 (SRB4), 36.85 (SRB20) and 44.44% (SRB2) at
ninth DAI (Graph 3) demonstrating their antagonistic nature.

Based on the three in vitro confrontation studies, SRB2 and
SRB20, were found to be the most potential antagonistic
rhizobacteria against F. sacchari.

Molecular characterization of potential antagonistic Bacillus
species Initially, all the isolates were confirmed as Bacil-
lus using genus-specific primers (Fig. 2). Partial 16S-23S
rRNA gene sequencing of the most potential isolates SRB2
and SRB20 (Fig. 3) and its analysis using BLASTn in NCBI
database showed that SRB2 had 99.62% similarity with B.
inaquosorum (CP096592), and SRB20 had 99.70% similar-
ity with B. vallismortis (CP026362). The sequences were
submitted to the NCBI database and accession numbers for
SRB2 (ON964473) and SRB20 (ON954849) were obtained.
Further, the phylogenetic tree construction confirmed that
SRB2 and SRB20 were clustered with B. inaquosorum and
B. vallismortis respectively (Fig. 4).

Biochemical analysis for potential biocontrol
mechanisms

P Solubilization Seven isolates SRB1, SRB5, SRB6, SRBS,
SRB13, SRB14 and SRB16 showed phosphate solubilization
by producing a halo zone around the colonies on Pikovs-
kaya’s agar plates after 3 DAI (Table 4; Fig. 5).
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Graph 3 Effect of remote confrontation by antagonistic bacterial isolates against F. scchari

IAA Production Only four isolates i.e., SRB9, SRB11,
SRB18 and SRB19, were detected to produce IAA as indi-
cated by the development of pink colour after the addition
of Salkowski reagent at 2 DAI (Table 4; Fig. 5).

Protease activity Nearly 90% (18) of the isolates tested posi-
tive for protease activity as they produced colorless halo
zones around the bacterial colonies on Skim milk Agar
plates. SRB4, SRB7, SRB12 and SRB20 had shown higher
protease activity (>50 mm dia.), SRB2, SRB6, SRB9Y,
SRB10, SRB11, SRB13, SRB14, SRB15 and SRB18 had
medium (30-50 mm dia.) protease activity and low protease
activity (<30 mm dia.) was shown by SRB1, SRB5, SRBS,
SRB17 and SRB19 (Table 4; Fig. 5).

Cellulase activity Five among all isolates i.e., SRBS
(31 mm), SRB8 (10 mm), SRB11 (30.5 mm), SRB19
(13 mm) and SRB20 (45 mm) were qualitatively detected
to produce cellulase by the formation of the yellow-opaque
area around the colonies when the plates were washed with
aqueous Congo red (2% w/v) solution (Table 4; Fig. 5).

Siderophore Production Among 20 isolates, six isolates i.e.,
SRB4, SRB7, SRB12, SRB16, SRB17, and SRB20 formed
orange coloured zone due to chelation of Fe** from CAS medium
thereby confirming siderophores production (Table 4; Fig. 5).

B4 B5 B6 B7 B8 B9 BI10

Molecular analysis for potential biocontrol
mechanisms

Four gene-specific primers were used to detect Antimicro-
bial Peptide (AMP) genes viz. fenD, bmyB, ituC and spaS
that are involved in the production of fengycin, bacillomy-
cin, iturin, and subtilin respectively (Table 4). The desired
bands confirmed the antibiotic production by the Bacillus
isolates (Figs. 6, 7, 8 & 9 respectively). Among the tested
isolates, 60% of the isolates had fenD gene (270 bp), 50%
of the isolates had bmyB gene (370 bp), 30% of the isolates
had spaS gene (375 bp) and 30% of the isolates had iruC
gene (423 bp).

The study on the frequency of AMP genes revealed that all four
AMP genes were present in only 10% of the tested isolates (SRB2
and SRB20), 20% of the isolates had three AMP genes (SRBS5,
SRBS8, SRB9, and SRB11), 20% of the isolates had two AMP
genes (SRB12, SRB13, SRB14, and SRB18), 30% of the isolates
had a single AMP gene (SRB1, SRB3, SRB4, SRB6, SRB10, and
SRB15) and none of the AMP genes were detected in remain-
ing 20% of the isolates (SRB7, SRB16, SRB17, and SRB19).
The unique combination of different antibiotic genes provided
a competitive edge to these isolates over other Bacillus strains
for survival and biocontrol efficacy in different ecological niches.

B11 B12 BI13

B14

B15S B16 B17 B18 B19 B20

Fig.2 Agarose gel electrophoresis of the PCR products (546 bp) amplified from DNA of Bacillus isolates with BCF1 and BCF2 primers. The

lanes B1 to B20 indicates the isolates SRB1 to SRB20 respectively
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Fig.3 Agarose gel electrophoresis of the PCR products (1500 bp) amplified from DNA of potential isolates with 16S-23R primers

Greenhouse experiment

Higher germination of F. sacchari inoculated setts treated
with bioagents was observed than in inoculated check rang-
ing from 73.33% (SRB4) to 80.00% (SRB2). The highest
plant stand was reported in SRB2-treated setts (73.33% @
30DAS; 66.67% @ 60DAS) and was found significantly

(P <0.001) superior to other bioagents (Table 5; Graph
4). The lowest pre-emergence mortality (PEM) and post-
emergence seedling mortality (PESM) were observed in
the SRB2-treated setts (20.00% and 15.00% respectively)
in comparison to inoculated check (Fig. 10). Though SRB4
showed on par PEM with SRB2 and SRB20, it showed much

Bacillus subtilis strain 7PJ (CP023409)

99 |— Bacillus subtilis strain 75 (CP045825)

100 L Bacillus subtilis subsp. spizizenii strain ATCC 6633 (CP034943)

o

10

00| — A SRB20

83

— A\ SRB2

75

\_,7 Bacillus subtilis strain At3 (CP051462.1)
900 pocillus intestinalis strain T30 (CPO11051)

j Bacillus subtilis subsp. subtilis strain D12-5 (CP014858)
— Bacillus vallismortis strain DSM 11031 (CP026362)

— Bacillus inaquosorum strain A65 (CP096592)

4,7 Bacillus inaquosorum strain KCTC 13429 (CP029465)

73 U’ Bacillus subtilis strain FDAARGOS606 (CP041015)

00
L Bacillus subtilis strain NRS 231 (CP039755)

Fig.4 Phylogenetic tree showing position of the biocontrol agents
(A) used in this study. The 16S-23S rDNA sequences were aligned
with the ClustalW and the tree was constructed with the maximum
likelihood method based on the Tamura-Nei model integrated in the
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MEGA7 software. The GenBank accession numbers of the DNA
sequences are shown in parentheses. Numbers at branches represent
bootstrap values >70% from 1000 replicates
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Table 4 In vitro qualitative tests for biocontrol mechanisms of Bacil-
lus isolates. + (Positive reaction),-(Negative reaction). In case of P
solubilization, Protease, cellulase and siderophore production the size

of the halo has been denoted as+,+ +, and+ + +based on the halo
diameter (+, diameter of the halo up to 30 mm; + +, diameter of the
halo from 31-50 mm; + + +, diameter of the halo above 50 mm)

Biochemical analysis for biocontrol mechanisms

Molecular analysis for AMP genes

Isolates P solubili- IAA pro-  Protease activity Cellulase Siderophore  fenD bmyB Bacil-  spaS ituC (Iturin)
zation duction activity production (Fengycin) lomycin) (Subtilin)

SRB1 + - + - - - + - -
SRB2 - - ++ - - + + + +
SRB3 - - - - - + - - -
SRB4 - - +++ - + - - + -
SRB5 + - + ++ - + + - +
SRB6 + - ++ - - - + - -
SRB7 - - +++ - + - - - -
SRB8 + - + + - + - + +
SRBY - + ++ - - + + + -
SRB10 - - + + - - + - - -
SRB11 - + ++ ++ - + + - +
SRB12 - - +++ - + + + - -
SRB13 + - ++ - - + + - -
SRB14 + - ++ - - + + - -
SRB15 - - ++ - - + - - -
SRB16 + - - - + - - - -
SRB17 - - + - + - - - -
SRB18 - + ++ - - - - + +
SRB19 - + + + - - - - -
SRB20 - - +++ ++ + + + + +

[a] [b]

[c] [d] [e]

Fig.5 Biochemical tests for potential biocontrol mechanisms. a —
TAA production (development of pink colour on tryptophan amended
media). b—Phosphate solubilization (halo zone around the col-
ony on Pikovskaya’s agar media). c—Protease activity (halo zone

around the colonies on Skim milk agar). d—Cellulase activity (the
yellow-opaque area around the colonies on Czapek-mineral salt Agar
medium). e—Siderophore production (orange-coloured zone on CAS
media)
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Fig.6 Agarose gel electrophoresis of the PCR products (270 bp) amplified from DNA of Bacillus isolates with FENDF and FENDR primers.

The lanes B1 to B20 indicates the isolates SRB1 to SRB20 respectively
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Fig.7 Agarose gel electrophoresis of the PCR products (370 bp) amplified from DNA of Bacillus isolates with BMYBF and BMYBR primers.

The lanes B1 to B20 indicates the isolates SRB1 to SRB20 respectively
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Fig.8 Agarose gel electrophoresis of the PCR products (423 bp) amplified from DNA of Bacillus isolates with ITUC and ITUR primers. The

lanes B1 to B20 indicates the isolates SRB1 to SRB20 respectively
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Fig.9 Agarose gel electrophoresis of the PCR products (375 bp) amplified from DNA of Bacillus isolates with SPASF and SPASR primers. The

lanes B1 to B20 indicates the isolates SRB1 to SRB20 respectively

Table 5 Effect of potential Bacillus isolates on germination and plant
stand in F. sacchari inoculated pots under greenhouse conditions.
Values in the parenthesis are Arc sine transformed values. Values
with similar alphabets do not differ significantly (P <0.01)

SI. No Treat- Germination Plant stand (%)

ments (%)

At 30 DAS At 60 DAS

1 SRB2 80.00(63.55)°  73.33(59.01)°  66.67(54.78)°
2 SRB4 73.33(59.01)°  40.00(39.23)¢  40.00(39.23)°
3 SRB20  73.33(59.01)°  60.00(50.85)°  46.67(43.08)°
4 IC 33.33(35.01)°  8.33(16.60)°  6.67(12.29)¢
5 HC 100.00(90.00)*  100.00(90.00)*  100.00(90.00)?

@ Springer

higher PESM proving that SRB2 and SRB20 performed very
well under greenhouse conditions (Table 6; Graph 5).

Discussion

The diverse rhizoplane microbiome serves as an infinite
reservoir for biological control that can be a game changer
in a zero-chemical plant disease management strategy
[11]. Among the diverse soil microbiota, Bacillus spe-
cies are the best fit for this purpose because they are in
perpetual competition with other pathogenic microbes to
colonize the plant roots [42]. Innate traits like multilay-
ered cell wall, stress-resistant endospore production, and
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Graph 4 Effect of sett treatment with potential isolates on plant stand
at 30 and 60 DAS in F. sacchari inoculated pots under greenhouse
conditions. IC- Inoculated check. HC- Healthy Check

secretion of antibiotic peptides, extracellular enzymes and
peptide signal molecules promote their survival under
dynamic environmental conditions [24]. Hence, this study
attempted to explore the potentiality of Bacillus species
isolated from the rhizoplane of different sugarcane culti-
vars at different growth stages for biocontrol of Fusarium
wilt of sugarcane.

A total of 20 Bacillus isolates were screened for their
inhibitory effect on the growth of F. sacchari at three dif-
ferent levels (Direct, Indirect and Remote confrontation).
Among them the three isolates SRB2, SRB4 and SRB20
were found antagonistic in dual culture assay that brings
pathogen and bioagent in direct confront [9, 35, 50, 52]. In
the next level, the culture filtrate (Indirect confrontation)
from SRB2 and SRB20 significantly inhibited the pathogen
[14]. This antagonistic nature of culture filtrate is attributed
to the non-volatile compounds and secondary metabolites
that inhibited the pathogen by antibiosis. Further, these two
isolates were also found antagonistic in remote confronta-
tion as revealed by paired plate assay could be due to the
antifungal nature of the various volatile compounds released
by the isolates [13].

The variable regions of the 16S rRNA gene are generally
used to identify microorganisms. However, closely related
microorganisms have minimal sequence variation in their
16S rRNA genes [3]. So, the isolates were initially identi-
fied as Bacillus by Bacillus-specific probes BCF1 and BCF2
(16S rRNA intervening sequence) [10, 34] but the polymor-
phisms were sought in the 16S-23S intergenic spacer region
of the rRNA genes using the primer set 16F945 and 23R458

Table 6 Disease suppressing

. . . SL. No Treatments Mortality (%) Percent reduction in mortality
ability of potential Bacillus
isolates against F. sacchari Pre-emergence ~ Post emergence = Pre-emergence  Post emergence
under greenhouse conditions.
Values in the parenthesis are 1 SRB2 20.00(26.49)b 15.00(22.72)d 70.00 73.00
Arc sine transformed values. 2 SRB4 26.67(31.07°  46.66(43.09)° 60.00 16.00
Values with similar alphabets 3 SRB20 25.0029.93)°  3333(3525° 6250 39.99
do not differ significantly
(P<0.01) 4 Inoculated check 66.67(54.75)* 55.55(48.20)* 0.00 0.00
5 Healthy check 0.00(0.00)° 0.00(0.00)° 100.00 100.00
that differentiated potential bacteria upto species level as
B. inaquosorum SRB2 and B. vallismortis SRB20 [19, 23,
26, 51].
Plant growth promotion is an additional benefit offered
2 100 % Reduction by the bioagents. The higher vigour of plants equips them
g 80 . PEM against pathogen invasion. The plant growth-promoting
g % = % Reduction activity of different root-colonizing bacteria could be
£ 604 in PESM attributed to biofertilization [24]. Rhizobacteria stimu-
S lates plant growth directly through nutrient solubiliza-
‘g’ 407 tion thereby enhancing the availability of inaccessible
T 204 nutrients to the plants via organic acids production, viz.,
n\s ﬁ citric acid, oxalic acid, gluconic acid, etc. [38]. Likewise,
0 T Thongponkaew et al. [44] reported that isolates from sug-
SRB2 SRB4 SRB20 . . . T .
arcane rhizospheric soils were capable of solubilizing tri-
Isolates calcium phosphate, and also reported the increased sugar-

Graph 5 Effect of sett treatment with potential isolates on mortality
in F. sacchari inoculated pots under greenhouse conditions. PEM-
Pre emergence mortality. PESM- Post emergence seedling mortality

cane yield with the application of phosphate solubilizing
Bacillus species [5].
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Fig. 10 The antagonistic potential of Bacillus isolates SRB2(a), SRB4(b) and SRB20(c) on mortality of sugarcane seedlings due to F. sacchari,
when compared to Inoculated check (d) (only pathogen inoculated) and healthy check (e) (neither pathogen nor bioagent) at 60 DAS under

greenhouse conditions

Phytostimulation through the production of plant
growth regulators by root colonizing Bacillus species is
a notable phenomenon [16, 22]. Among the PGRs pro-
duced, IAA plays a multifaceted role in plant growth and
usage of bacterial IAA by plants leads to cell division,
elongation, and differentiation [28] and is a vital com-
ponent in shaping the architecture of plant roots such as
initiation of lateral roots, differentiation of vascular tis-
sues, and root gravitropism [24].

The biocontrol activity of rhizoplane isolates B. inaquo-
sorum SRB2 and B. vallismortis SRB20 against Fusarium
could be due to several mechanisms viz., protease, sidero-
phore and antimicrobial peptides (fengycin, bacillomycin,
iturin and subtilin) production by SRB2 and protease, cel-
lulase, siderophore and antimicrobial peptides (fengycin,
bacillomycin, iturin and subtilin) production by SRB20
as confirmed by in vitro qualitative tests. Secretion of
extracellular lytic enzymes (protease, cellulase, and other
hydrolytic enzymes) will degrade the fungal mycelium
through lysis of the cell wall and thereby retards the path-
ogen growth [2, 29]. Siderophores produced by isolates
have a high affinity for ferric ions thereby forming ferric
siderophore complexes. This makes iron unavailable to
pathogens that require it for their pathogenesis [21, 32].

Bacillus species produce different secondary metabo-
lites, including various antibiotic compounds, which have
been scrutinized mainly by genetic techniques for biocontrol
activity. Identifying antimicrobial genes from the rhizobacte-
rial isolates enabled us to understand the molecular mecha-
nism involved in biological control. Antibiotics produced
by Bacillus species are deleterious to other microorgan-
ism's growth or metabolic activities. Antifungal compounds
include Fengycin, a plipastatin-like lipopeptide that is help-
ful in the biological control of plant pathogens, degrading
their cell structure and permeability [4, 7]. They are also
reported to induce systemic resistance in plants [36] and
degrade polycyclic aromatic hydrocarbons. Iturins are a

@ Springer

large family of antibiotic compounds, which includes bacil-
lopeptin, ituin A and C, and mycosubtilin, that have strong
antibiotic effect with moderate surfactant activity and can
enhance swarming motility [18]. Furthermore, the antifungal
activity of bacillomycin and subtilin is reported by [25, 37,
45] and [10] in various Bacillus species. The dominance of
these particular genes in Bacillus strains SRB2 and SRB20
associated with plants reinforces the competitive role of
subtilin, bacyllomycin, fengycin, and iturin in the fitness of
strains in the natural environment.

Pathogen-inoculated pots treated with SRB2 and SRB20
displayed a reduction in mortality. This could be due to their
higher root colonizing property, saprophytic ability, and
increased fitness of the isolate against abiotic and biotic factors
[17]. The reduced germination could be attributed to the pre-
emergence effect of the pathogen [48]. The variation in antago-
nistic efficacy in in-vitro and greenhouse conditions could be
due to microbe—-microbe interactions that are very sensitive to
several abiotic and biotic factors that affect the extent of micro-
bial species interactions and composition in the rhizoplane [49].

Conclusion

Among the indigenous soil-borne antagonists, B. inaquoso-
rum SRB2 and B. vallismortis SRB20 were found to have
better efficacy in controlling F. sacchari, reducing the sever-
ity of wilt disease in sugarcane under greenhouse conditions
and can be used for further studies under field conditions.
Biochemical and molecular analysis of the 20 rhizobacteria
isolated from the rhizoplane has unveiled the hidden biocon-
trol mechanisms like production of IAA, Protease, Cellulase,
Siderophores, P solubilization and the presence of antimi-
crobial peptide biosynthetic genes involved in the production
of Fengycin, Bacyllomicin, Iturin, and Subtilin. These genes
can be further used in the improvement of the biocontrol
potential of the isolates through molecular techniques.
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Future line of work

The other plant growth-promoting traits and inhibitory
principles of the potential Bacillus isolates, which were not
determined in this research, have to be studied in detail for
complete knowledge of unknown mechanisms by which bio-
agents inhibit the pathogens and further studies on different
formulations and compatibility for practical implementation
of such propositions would pave the way for better establish-
ment of biological control.
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Hydroxide; CAS: Chrome Azurol S; UV: Ultra-Violet light; CFU: Col-
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