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Abstract 
Purpose Soil-borne bacterial wilt disease caused by 
the bacterial plant pathogen Ralstonia solanacearum 
is a serious concern worldwide, resulting in huge 
economic losses in solanaceous vegetables. This 
study confirms the field efficacy of microbe-enriched 
organic fertilizer application in successful manage-
ment of eggplant bacterial wilt disease.
Methods Four potential Bacillus strains isolated 
from diverse soils of Andaman Islands were evaluated 
using the microbe-enriched farmyard manure (MFYM) 
approach for bacterial wilt suppression and yield 
increase in both the greenhouse and field conditions. 
Also, changes in the bacterial wilt pathogen and putative 
Bacillus counts on MFYM applications were studied.

Results Bacillus strains used in this study were 
confirmed for their indole acetic acid (IAA) pro-
duction, phosphate solubilization, and siderophore 
production traits in vitro. In addition, species iden-
tity was confirmed through rpoB gene sequences 
analysis. In both greenhouse and field experiments, 
MFYM treatments showed better biological control 
potential and increase in yield compared to farm-
yard manure (FYM) alone and unamended control 
treatments. In comparison to control and other treat-
ments, the MIC-Consortia demonstrated the high-
est biocontrol potential across all treatments in pot 
culture (90.6%), first field (78.8% and 72.1%), and 
second field (61.5% and 75%) studies, respectively. 
Similarly, the MIC-Consortia showed highest yield 
in the first field (61.5% and 75%) and second field 
(60% and 48.1%), respectively, when compared to 
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other treatments. Further, the studies of microbial 
counts in treated soils revealed that the pathogen 
population increased throughout the cropping sea-
son, but the rate of increase was found slower in 
MFYM treatments.
Conclusion This study showed that the MIC-Con-
sortia when applied along with FYM could effectively 
suppress eggplant bacterial wilt disease incidence and 
enhance yield performance in two different field condi-
tions over two successive years. The results could be 
used in devising efficient eco-friendly management 
strategies for bacterial wilt disease in organic farming 
practices.

Keywords Eggplant · Wilt · Ralstonia 
solanacearum · Microbial enrichment · FYM 
management

Introduction

Ralstonia solanacearum Yabuuchi (Smith) is a 
gram-negative, soil-borne bacterium that belongs 
to the R. solanacearum species complex in the fam-
ily Burkholderiaceae, order Burkholderiales and 
the class Betaproteobacteria (Yabuuchi et  al. 1995; 
Paudel et  al. 2020) with high phenotypic and gen-
otypic diversity (Palleroni and Doudoroff 1971). It 
has a wide host range of more than 450 plant spe-
cies in about 50 families (Hayward 1991; Lei et al. 
2020). The bacterium normally enters the plant roots 
through wounds and spreads to the xylem vessels, 
where it multiplies  (1010 cells/cm of stem) and pro-
duces a large number of exo-polysaccharides, which 
leads to clogging of vessels and thereby death of 
host cells (Denny 2006).

The bacterial wilt disease is a major threat for 
solanaceous vegetable production worldwide. In 
the eggplant, bacterial wilt can cause up to 100% 
yield loss, resulting in significant economic losses 
for farmers (Sakthivel et al. 2016). Achieving com-
plete control of bacterial wilt is a serious challenge 
due to the complex nature of the pathogen as it 
could survive in soil for several years in associa-
tion with infested plant debris from a wider range 
of plant hosts (Yuan et  al. 2014; Messiha et  al. 
2009). Till date, various strategies have been rec-
ommended for the management of bacterial wilt 
disease. These include crop rotation with alternate 

hosts and use of chemical fumigants, soil solariza-
tion, biological soil disinfestation, resistant culti-
vars, transgenic plants, and naturally or genetically 
modified microbes (Gamliel et  al. 2000; Boulter 
et  al. 2000; Brimner and Boland 2003; Yi et  al. 
2007; Messiha et al. 2007a, b, c; Lemessa and Zel-
ler 2007; Yadessa et al. 2010).

However, the usage of genetically modified 
materials may raise ethical and environmen-
tal health issues (Lemessa and Zeller 2007). Soil 
solarization suggested by Tamietti and Valentino 
(2006) and biological soil disinfestations are other 
effective strategies, but these may not be economi-
cally feasible under larger field conditions. Other 
management strategies such as resistant varieties, 
soil drainage, and external application of nutrients 
were also reported to be less effective under practi-
cal field conditions.

Biological control using bacteriophages and ben-
eficial microbes (BMs) such as Pseudomonas spp., 
Stenotrophomonas spp., Streptomyces spp., Acine-
tobacter spp., Enterobacter spp., Bacillus spp., and 
Paenibacillus (Messiha et  al. 2007b;  Ji et  al. 2008; 
Zhang et  al. 2008; Ramesh et  al. 2009; Xue et  al. 
2009; Ling et  al. 2010; Liu et  al. 2013; Sakthivel 
et al. 2017) were suggested for effective suppression 
of plant pathogen under field conditions. However, 
efficiency of these BMs was found to be lower in field 
experiments compared to in vitro studies (Lugtenberg 
et  al. 2001; Kamilova et  al. 2005; Liu et  al. 2013). 
This might be due to not only poor colonizing abil-
ity of the antagonistic strains under different field 
conditions but also other factors such as environ-
mental conditions (e.g., soil temperature, moisture, 
pH), competition by other already available micro-
organisms, development of resistance in pathogenic 
microbes, and improper delivery system for BMs in 
the rhizosphere environment (Yuan et  al. 2014; Hu 
et al. 2021).

Studies showed that application of organic fertilizers 
combined with antagonistic BMs as bio fortified organic 
fertilizers were very effective in controlling bacterial 
wilt in field conditions (Hao et  al. 2009; Huang et  al. 
2011; Yang et al. 2011; Yuan et al. 2014). In agreement 
with this, Liu et al. (2013) documented that BMs such 
as Trichoderma spp., Bacillus spp., and Streptomyces 
spp. could suppress the bacterial wilt pathogen very 
effectively in combination with any organic amend-
ments. According to Wu et al. (2021), organic fertilizers 
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increase soil nutrient recycling by promoting the growth 
of other beneficial microbial populations and by chang-
ing the soil microbial community and structure. As a 
result, the application of biofortified BMs may support 
more effective rhizosphere or root surface colonization, 
leading to higher antibiotic production and improved 
control of bacterial wilt.

Andaman and Nicobar Islands, India, are an 
important biodiversity hotspot and well known 
for microbial richness due to their wide range of 
ecosystems and habitats, including tropical rain-
forests, mangrove swamps, coral reefs, and marine 
environments, which offer a variety of niches 
for microbial organisms to thrive in. However, 
despite of potential for agricultural applications, 
the microbial richness is not yet harnessed judi-
ciously (Sakthivel et al. 2017). Therefore, the pre-
sent study was conducted with the main objective 
of developing efficient and eco-friendly bacterial 
wilt disease management using multi-potential 
antagonistic Bacillus from rhizosphere and non-
rhizosphere soils of the Andaman Islands, India, in 
the form of a MFYM.

Materials and methods

Pathogen and antagonists

The pathogen and antagonist cultures were obtained 
from the culture collection center, Plant Pathology 
Lab, ICAR-Central Island Agricultural Research 
Institute, Port Blair, India. For in  vitro screening 
of antagonism and greenhouse studies, a highly 
virulent R. solanacearum strain (BRs_Ch), as men-
tioned earlier in Sakthivel et  al. (2016), was used. 
Similarly, in case of antagonists, multipotential 
Bacillus  strains  (Table  1), as already reported by 

Sakthivel et al. (2018), were used in greenhouse and 
field experiments. The cultures were properly main-
tained by subculturing on a semi-specific medium 
amended with 1% 2,3,5-triphenyl tetrazolium chlo-
ride for R. solanacearum and nutrient agar slants for 
Bacillus strains, respectively.

Confirmation of in vitro potential and functional 
traits of bacterial antagonists

Four Bacillus cultures obtained were studied again 
for their antagonistic ability against R. solanacearum 
strain (BRS_Ch), as described by Ramesh and Phadke 
(2012), with slight modifications. Briefly, pure colo-
nies of R. solanacearum and antagonist bacteria 
were grown in 5 ml CPG broth (casein hydrolysate, 
1.0  g/L; peptone, 10.0  g/L; and glucose, 5.0  g/L) 
and King’s B broth (peptone, 20.0  g/L;  K2HPO4, 
1.5  g/L;  MgSO4⋅7H2O, 1.5  g/L; and glycerol, 10.0 
ml/L), respectively. These cultures were incubated at 
28 ± 2 °C for 48 h at 140 rpm. Then, 150 µL R. sola-
nacearum bacterial suspension was mixed with 100 
ml molten and cooled King’s B agar. The mixture was 
then poured onto plates and allowed to solidify. After 
solidification, three wells were made on each plate 
by removing circular agar pieces with the help of a 
sterile  cork borer with a diameter of 8  mm. To each 
of the wells, 20 µL freshly prepared Bacillus suspen-
sion (1 ×  108  cfu/ml) was added and the plates were 
incubated at 28 ± 2 °C for 96 h. The inhibition zones 
observed on the plates were measured in millimeters in 
two directions.

The functional traits such as production of sidero-
phore (Schwyn and Neilands 1987), IAA (Maor et al. 
2004), and phosphate solubilization (Nautiyal 1999) 
ability were reconfirmed prior to greenhouse and field 
evaluation studies. In addition, the endospore-forming 

Table 1  Details of Bacillus strains used in the present study

Isolate ID with 16S 
rRNA GenBank Acc. No.

Place of Col-
lection

Niche of collection Crop/ 
source

rpoB gene identifica-
tion

rpoB GenBank Acc. No.

Ls_Agu - KP864632 Guptapara Rhizosphere Eggplant Lysinibacillus spha-
ericus

OP891222

Ba_Abi - KP864633 Barren island Soil Volcano Bacillus amyloliquefa-
ciens

OP891223

Bs_Ane - KP864636 Neil Island Rhizosphere Chilli Bacillus subtilis OP891224
Bs_Asi - KP864637 Sippighat Rhizosphere Coconut Bacillus subtilis OP891225
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ability of all the Bacillus was confirmed as per Mor-
mak et al. (1985).

Molecular-based confirmation of genetic identity of 
bacterial antagonists

In a previous study, Sakthivel et al. (2023) documented 
the genetic identity of four multipotential Bacillus 
strains using the 16S rRNA gene (Table  1). In this 
study, these strains were subjected to sequencing of 
Bacillus-specific rpoB gene segments, to further estab-
lish the species-level genetic identity. For the sequenc-
ing process, primer pairs suggested by Qiu et al. (2018) 
were used. The 50 µL reaction mixture consisted of 100 
ng template DNA, 1 × PCR buffer, 1.5 mM  MgCl2, 
50 µM of each dNTP, 5 pmol of each primer, and 1 U 
of Taq DNA polymerase. PCR was performed in an 
Eppendorf thermocycler with an initial denaturation at 
96 °C for 2 min, followed by 35 cycles of 94 °C for 30s, 
60 °C for 1 min, and 72 °C for 1 min. A final exten-
sion step was performed at 72 °C for 10 min. All PCR 
products amplified were analyzed by resolving them 
on 1.5% agarose gel and bi-directionally sequenced to 
obtain complete coverage. Contigs were assembled in 
DNA Baser software (version 4) and compared with 
GenBank sequences through NCBI-BLAST analysis.

Preparation of microbe-enriched farm yard manure

Microbe-enriched farm yard manure was prepared by 
using well-decomposed farm yard manure (FYM), 
which is composed of approximately 38.9% organic mat-
ter, 3.5% N, 2.9%  P2O5, 0.9%  K2O, 4.0% amino acids, 
and 25.4%  H2O. To prepare MFYMs (MIC-Ls_Agu, 

MIC-Ba_Abi, MIC-Bs_Asi, and MIC-Bs_Ane), 24 to 
48 hrs old bacterial suspensions (~  109 cfu  ml− 1) of each 
Bacillus strain were used. Each Bacillus strain suspen-
sion (200 ml) was mixed with 1 kg sterilized talc power 
and shade-dried. Then, the freshly prepared talc formula-
tions were mixed into 50 kg of well-decomposed FYM. 
The mixture was kept under shaded conditions for 10 
days with intermittent manual turning every 3–4 days to 
enrich Bacillus population within the FYM substrate. For 
MIC-Consortia treatment, a consortium of all four poten-
tials Bacillus strains was mixed at a volume of 50 ml in 
1 kg sterilized talc power, shade dried and mixed with 
well-decomposed FYM. The sole FYM amended treat-
ment was used as positive control and treatment with no 
any amendment as the regular negative control.

Evaluation of biocontrol potential of MFYMs in pot 
cultures

Thirty-day-old eggplant seedlings (cv. TN-Co1) were 
transplanted into sterilized pots containing a sterile mixture 
of red soil, sand, and FYM in a 2:1:1 ratio. All the MFYM/
FYM were applied around the root zone of eggplant seed-
lings and after 24 h of application, pathogenic R. solan-
acearum suspension (~ 1 ×  106 cfu/ml) was inoculated, as 
described by Kumar (2012). All the pots were incubated 
at 28–32 °C under controlled conditions and proper care 
was taken during watering to avoid cross-contaminations. 
Each treatment was replicated three times with minimally 
three seedlings each in a randomized block design. The 
seedlings were scored for wilt symptoms at regular weekly 
intervals from the date of transplanting until 8 weeks. The 
wilting percentage and biocontrol efficacy were calculated 
as per Guo et al. (2004).

Wilting percentage = [no. of plants wilted∕total no. of plants inoculated] × 100

Biocontrol ef f icacy = [total no. of plants in treatment − total no. of plant in control]∕total no. of

plants in control] × 100

Evaluation of biocontrol potential of MFYMs under 
field conditions

Field experiments were carried out at two locations: 
Garacharma (11º 36′39.39″N and 09211º 36′03.375″E) 
and Chouldhari (11º 36′39.39″N and 09211º 
36′03.375″E), during two successive cropping years, 
2015 and 2016, in farmer fields of Andaman Nicobar 
Islands, India. Eggplant fields with high (> 50%) inci-
dence of bacterial wilt in previous cropping seasons 

were selected for experiments. In the first year, seven 
treatments were tested: (1) Control, (2) OF: FYM alone, 
(3) MIC-Ls_Agu, (4) MIC-Ba_Abi, (5) MIC-Bs_Ane, 
(6) MIC-Bs_Adg, and (7) MIC-Consortia. In the second 
year, the best treatment identified (MIC-Consortia) in 
the initial pot culture studies and first year-field experi-
ment results was evaluated along with OF and control. 
All field experiments were conducted using a rand-
omized block design with three plots per treatment in, 
with each plot containing a minimum of 12 eggplant 
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seedlings planted with a spacing of 45 × 60  cm. The 
application rate of FYM/MFYM was about 0.5 kg/plant 
in each respective treatment. Standard agronomic prac-
tices were followed in all experimental plots without 
use of any other chemicals and pesticides. The disease 
incidence was recorded regularly and the wilt incidence 
was recorded at 12th week post transplantation. The plot 
yield was recorded for each harvest and the total yield 
was calculated. Wilt incidence and biocontrol potential 
of each MFYM treatment were calculated as described 
above. The yield increase was calculated using the for-
mula Yield increase by BOF = [(Average yield of egg-
plant treated with MFYM – Average yield of eggplant in 
FYM)/Average yield of eggplant in control] × 100, fol-
lowing methodology of Guo et al. (2004).

Soil sampling and microbial populations

To analyze the interactions between pathogen and 
beneficial Bacillus in both pot culture and field con-
ditions during MFYM applications, sampling within 
each treatment was performed. It was performed in a 
non-destructive manner by collecting rhizosphere soil 
from root zone area of the three plants of eggplant in 
each treatment using metallic auger (5 mm diameter) 
to a depth of about 15 cm from the soil surface. Two 
random soil samples were collected from each plant 
in a treatment, mixed thoroughly and subsequently 
the pooled soil samples were used for further analy-
sis. Sampling in potting experiments was carried out 
at intervals of 0, 1, 2, 4, 6, and 8 weeks post trans-
plantation. In case of field experiment during 2015, 
sampling of rhizosphere soil surrounding primary 
root zone performed after seedling transplantation at 
regular weekly intervals was from 1 to 12 weeks. The 
bacterial wilt pathogen count in rhizosphere soil sam-
ples was performed in semi- selective SMSA medium 
(French et al. 1995). Briefly, 1 g rhizosphere soil was 
added to 9 ml sterile distilled water and shaken in a 
rotary shaker for 30 min. Serial dilutions up to  10−6 
were made and 0.1 ml aliquots were spread on the sur-
face of the SMSA medium. The typical colonies of R. 
solanacearum were counted after incubation of 2–3 
days at 28 ºC incubation based on morphology. Simi-
larly, antagonistic Bacillus population was counted 
in a semi-selective medium, as suggested by Travers 
et al. (1987). Colony-forming units (cfu) were calcu-
lated per gram (dry weight) of soil at  10− 6 dilutions. 

All the microbial count experiments were repeated 
three times and the results were documented.

Data analysis

The experiments were performed with three rep-
lications and repeated twice for confirmation. The 
results were expressed as the mean ± SE of differ-
ent independent replicates. Analysis of variance was 
performed in WASP software (version 2.0). P val-
ues ≤ 0.05 were considered as statistically significant.

Results

Characterization and identification of 
multipotential Bacillus

Four multipotential Bacillus strains obtained from 
culture collections of ICAR-CIARI, Port Blair, 
India, were used in the study. The results of in vitro 
antagonistic studies revealed that all four strains 
tested were highly effective against virulent egg-
plant R. solanacearum strain (BRs_Ch) with mean 
inhibition zone ranging from 9.3 to 15.8 mm diam-
eter (Table  2). The rpoB gene sequence analysis 
confirmed the bacterial identity and same as sub-
mitted to the NCBI GenBank with accession num-
bers KP864634–KP864637, as shown in Table  1. 
In case of functional traits, all the four Bacillus 
strains exhibited IAA production, P solubiliza-
tion, and siderophore production whereas Ls_Agu 
expressed high (30.7  µg/ml) level of in  vitro IAA 
and P solubilization index (68.43  µg/ml). The 
siderophore production was higher in the strains 
Bs_Ane (10.39  mm) and Bs_Asi (10.37  mm) 
(Table 2). All four Bacillus strains were revealed as 
endospore producers through staining (Figure not 
shown).

Pot experiments

Evaluation of biocontrol potential of MFYM

The results showed that MFYMs could effectively 
suppress eggplant bacterial wilt pathogen in green-
house conditions when compared to the control 
and FYM treatments. First incidence of bacterial 
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wilt disease was recorded at 51, 44, 43, and 48 days 
post transplantation in the MIC-consortia-treated 
plants. Similarly, biocontrol potential was recorded 
in the order MIC-consortia (96.9%) > MIC-Ba_Abi 
(90.6%) > MIC-Bs_Ane (81.3%), MIC-Bs_Asi 
(69.6%) > MIC-Ls_Agu (59.3%), whereas in case 
of control and FYM treatments, wilt incidence was 
recorded at 16th and 18th days after transplantation 
with 33.3% and 71.1% biocontrol potential, respec-
tively. These results indicate that the application of 
the MFYM treatments delayed the onset and pro-
gress of eggplant wilt disease from 14 to 26 days 
with increased biocontrol potential till yield stage 
(Table 3).

Microbial composition in pot soil

The changes in the R. solanacearum population in the 
rhizosphere soil of pot experiments after transplanta-
tion are shown in Fig. 1a. In due course of time after 
soil application, the pathogen population in all the treat-
ments increased invariably, but in case of MIC-Consor-
tia and MIC-Ba_Abi treatments, the increase in patho-
gen population was comparatively slow and pathogen 
population attained stability after 4 weeks, whereas in 
other treatments the increase in pathogen population 
was steady till the end of experiment, i.e., up to 60 days.

The population dynamics of the Bacillus count in the 
pot soil revealed that the populations of antagonists in 
MIC-consortia and MIC-Ba_Abi were increased ini-
tially to approximately 11 ×  106 cfu per dry gram weight 
of soil and approximately 10 ×  106  cfu per dry gram 
weight of soil, respectively, during the first 2 weeks after 
application (Fig. 1b) and then decrease in population of 
antagonists were recorded, but in case of MIC-Bs_Ane, 
MIC-Ls_Agu, and MIC-Bs_Asi treatments, the popu-
lation of antagonists decreased continuously during 
the entire experimental period starting from the date of 
application.

Field experiment

Biocontrol and fertilization effect of MFYMs 
during first year

All the MFYM treatments showed higher biocontrol 
efficacy than FYM and control treatments. In the first 
field, the biocontrol effect at 80th day after the applica-
tion of MIC-Consortia and MIC-Ba_Abi was 84.8% and 

80.8%, respectively (Table 4). The highest yield increase 
was also recorded in MIC-Consortia (61.5%) treatment 
compared to other MFYM treatments, control, and FYM 
treatments (Table 4). Similarly, in the second field, the 
maximum biocontrol efficacy and yield potentials were 
recorded in MIC-Consortia (76.6%; 6.43  kg/plot) and 
MIC-Ba_Abi (73.7%; 6.17  kg/plot) treatments, respec-
tively, followed by other MFYM treatments. The control 
treatment showed the highest disease incidence of 43.3% 
and 45.3% in the first and second fields, respectively.

Biocontrol and fertilization effect of MFYMs 
during second year

On the basis of the results obtained in the first year, 
three treatments (MIC-Consortia, FYM alone, and 
control) were chosen for validation in the second year. 
The biocontrol efficacies of MIC-Consortia were 
78.8% in the field I and 72.1% in the field II, which 
were significantly higher than those of the FYM and 
control treatments (Table 4).

Furthermore, higher per plot yield was also 
recorded for the treatment MIC-Consortia in both the 
fields (61.5% and 60.0%) compared to other treat-
ments, and the minimum yield was recorded for con-
trol (3.50 and 3.60 kg/plot).

Microbial composition in field soils

At the onset of the experiment, the population count 
of R. solanacearum in the soil was ~ 2.1 ×  106  cfu 
per dry gram weight of soil. However, it increased 
continuously over the plant growth period in all 
treatments (Fig. 2a). In case of MIC-Consortia and 
MIC-Ba_Abi treatments, pathogen population was 
stable for first 2 weeks after transplanting, com-
pared to that of the control (Fig.  2b). But after 2 
weeks, the pathogen population increased gradu-
ally in all the treatments but the rate of increase was 
comparatively lower in MIC-Ba_Abi and MIC-Con-
sortia treatments.

The Bacillus counts in both the fields also 
changed in an oscillatory manner over time, with an 
initial increase followed by a decrease after a certain 
time. However, the rate of decrease varied within the 
treatments in both the fields. Among the treatments, 
the decrease in abundance of antagonists was slow 
in the MIC-Consortia treatment and remained above 
7.0 ×  106  cfu per dry gram weight of soil until 7 
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weeks after transplantation in both field experiments 
(Fig. 2).

Discussion

Eggplant (Soalnum melongena) is an important sola-
naceous vegetable crop grown worldwide but bacte-
rial wilt disease caused by pathogen R. solanacearum 
is a huge constraint throughout the world. It causes 
huge economic losses every year and the yield loss is 
estimated about 20–50% in the Andaman and Nicobar 
islands (Sakthivel et al. 2016).

Environmentally-friendly crop protection 
approaches are being recommended all over the 
world in view of growing concern for minimal 
chemical usage and environmental safety, but there 
are huge practical difficulties in supplementing the 
effect of inorganics considering both the growth 
promotion and crop protection. In general, strong 
and consistent invitro inhibition potential against 
highly virulent pathogen strains and in vitro nutri-
ent mobilization properties are essential prerequi-
sites for PGPRs/antagonists to be utilized as effec-
tive bioformulations in field conditions. Most of 
the microbes derived from different rhizosphere 
and non rhizosphere soil ecosystems showed bet-
ter in vitro plant growth promoting and antagonistic 
potential. However, antagonists with good in  vitro 
biocontrol and plant growth promotion (PGP) 
potential often failed to prove their efficacy in field 
conditions (Kumar et  al. 2013). This reduced field 
performance might be due to poor colonizing abil-
ity of antagonistic strains in different environmental 
conditions. In addition, several factors that limit the 

effectiveness of biocontrol agents have been previ-
ously reported, including physical and chemical 
characteristics of the soil, variable temperature and 
moisture of soil and external environments, compe-
tition imposed by high pathogen inoculum, compe-
tition for space and nutrients, availability of organic 
matter in the soil; use of chemical fertilizers, pes-
ticides, and other soil amendments (Abd-Elgawad 
and Askary 2020; Bonaterra et al. 2022; Sun et al. 
2022). Therefore, the careful selection of microbial 
strains and implementation of an effective delivery 
system play a major role in successful integration of 
biocontrol agents for disease suppression in organic 
farming approaches.

Table 2  In-vitro characterization of Bacillus strains for plant growth promotion and antagonistic activity

‘-’ no production, ‘+’ - medium (0.3-0.5 cm); ‘ ++ ’ - strong (0.6-0.9 cm), ‘+++ ’ - very strong (> 1 cm)

Isolates IAA production 
(µg/ml)

Phosphate solubilization 
capacity

Siderophore 
production

Antagonistic activity

pH value Solubilization 
index

Mean diameter of inhi-
bition zone (mm)

Degree of 
antago-
nism

Ls_Agu      9.5 6.5 35.37 +++ 9.33 ++
Ba_Abi      30.7 5.4 68.43 ++ 15.83 +++
Bs_Ane      16.4 5.8 30.45 ++ 10.39 ++
Bs_Asi      18.9 5.6 32.12 ++ 10.17 ++

Table 3  Efficacy of microbe fortified farmyard manure 
(MFYMs) treatments on eggplant bacterial wilt disease incidence 
in greenhouse experiments

Disease incidence (%) was calculated at eighth week after trans-
plantation and represented as mean ± SD (standard deviation)
Mean values in each column with the different letters a,b,c etc., 
showed the significant difference between each treatments by 
Duncan multiple comparison test (P ≤ 0.05)

Treatments Days for 
first wilt

Disease inci-
dence (%)

Biocontrol 
efficacy (%)

MIC-Ls_Agu 48 28.9 ± 6.40bc 59.3
MIC-Ba_ Abi 43 6.7 ± 3.56de 90.6
MIC-Bs_Asi 43 22.2 ± 5.31bc 69.6
MIC-Bs_Ane 43 13.3 ± 6.34 cd 81.3
MIC-Consortia 51 2.2 ± 2.22e 96.9
OF 16 33.3 ± 6.51b 53.1
Control 18 71.1 ± 8.53a -
CD (0.05) - 12.14 -
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In our studies, four native multipotential Bacillus 
strains isolated from diverse niches and its consor-
tia were studied in a biofortified MFYM approach 
to suppress eggplant bacterial wilt disease and plant 
growth promotion under both greenhouse and field 
conditions. In addition, the changes in microbial 
load with respect to pathogen and antagonist popula-
tions were also studied. In general, most of the bac-
teria belonging to the Bacillus genus are considered 
environmentally safe and represented as “Generally 
recognized as safe—GRAS” by European Union 
(Elshaghabee et al. 2017). Members of Bacillus have 
spore-forming capacity when exposed to unfavorable 
environments, which increases their potential under 
different environments.

All the four Bacillus strains were assessed for their 
in vitro PGP traits viz., IAA production, P solubiliza-
tion, and siderophore production (Table 1). IAA is an 
important precursor of phytohormone auxin and those 

bacterial strains could produce IAA in the rhizos-
pheric soil and thus could favor good root structure 
in many plants (Han et al. 2009). P solubilization of 
bacteria increases the availability of phosphorous in 
rhizosphere soils, promoting plant growth (Rodriguez 
and Fraga 1999). Also, the production of siderophore 
is believed to be beneficial for drought resistance in 
host plants (Arzanesh et al. 2011).

Application of composts along with BMs 
favored better nutrient source and shelter and sup-
pressed bacterial wilt pathogen R. solanacearum 
for a long period (Wu et al. 2014; Semenov et al. 
2019). Our study results also showed that antag-
onistic Bacillus strains when applied in the form 
of MFYM could effectively suppress the eggplant 
bacterial wilt in both pot and field conditions. 
This effect might be due to increase in the initial 
surface colonization ability of antagonists and 

Fig. 1  Population dynam-
ics of pathogen and Bacillus 
in pot experiments. a Popu-
lation dynamics of R. solan-
acearum in the rhizosphere 
soil in pot experiments; 
b Population dynamics of 
Bacillus in the rhizosphere 
soil in pot experiments
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its functional potential when applied along with 
organic fertilizers.

In particular, the bioefficacy of the treatment Mic-
Consortia was 84.8% and 76.6% in the first year and 
78.8% and 72.1% in the second year in two field con-
ditions. Similarly, the yield increase in two fields was 
61.5% and 75.0% in first year and 60.0% and 48.1% 
in the second year in Mic-Consortia treatments when 
compared to other treatments. This might be due to 
increased root colonization behavior and growth 
suppression of pathogen by consortia of antagonists 
than individual cultures. Ding et  al. (2013) reported 
that the bio-organic fertilizers (BOF) treatment could 
effectively suppress the high-density R. solanacerum 
colonies in the pot soil and reduce the disease inci-
dence in potato plants. Similarly, Wu et  al. (2014) 
reported that the integrated approach of BMs and 
organic fertilizers could effectively alter the soil 

microbial structure and suppress the bacterial wilt of 
tobacco in pot conditions.

The observed oscillatory dynamics in counts of 
pathogen populations and competing or predatory 
microorganisms, as shown in Fig.  2a and b, were 
reported by Zelenev et al. (2006). Similar to our obser-
vations, an increase in antagonistic microbial popula-
tions was associated with a simultaneous decrease in 
plant pathogen populations when organic fertilizers 
were amended with microbial bioformulations. These 
oscillatory dynamics in microbial populations may be 
due to various factors such as predatory interactions 
among microorganisms, competition for easily avail-
able carbon sources (Zelenev et  al. 2006), or interac-
tions between microbial populations and soil physico-
chemical parameters. Understanding these oscillatory 
dynamics is important for developing effective strate-
gies for managing diseases in agricultural soils.

Table 4  Effect of microbe fortified farmyard manure (MFYMs) on the suppression of eggplant bacterial wilt incidence and yield 
increase at two field locations in two different years

Values presented with disease incidence and yield with superscripts x,y in different columns are the mean ± SD (standard deviation) 
values of independent treatments
Mean values in each column with the different letters a,b,c etc., showed the significant difference between each treatments by Duncan 
multiple comparison tests (P ≤ 0.05)
Disease incidence was recorded at 12th week after transplantation

Treatments 1st Year (2015)

Disease  incidencex

(%)
Biocontrol effect
(%)

Yield (kg) /ploty Yield increase (%)

Field 1 Field 2 Field 1 Field 2 Field 1 Field 2 Field 1 Field 2

MIC-Ls_Agu 21.6 ± 2.0c 26.6 ± 2.1c 50.1 41.2 6.03 ± 1.16ab 4.2 ± 0.82 50.3 25.0
MIC-Ba_ Abi 8.3 ± 5.2e 11.9 ± 2.4e 80.8 73.7 6.17 ± 0.26b 4.6 ± 0.67 53.6 37.5
MIC-Bs_Asi 26.6 ± 3.1bc 29.3 ± 1.6c 38.6 35.3 5.37 ± 0.24ab 4.0 ± 0.64 29.3 18.8
MIC-Bs_Ane 14.9 ± 4.0d 18.6 ± 3.8d 65.6 58.9 5.97 ± 1.02ab 4.4 ± 0.82 47.6 31.3
MIC-Consortia 6.6 ± 4.0e 10.6 ± 2.6e 84.8 76.6 6.43 ± 0.09a 5.8 ± 0.71 61.5 75.0
OF 31.6 ± 4.8b 33.3 ± 3.6b 27.0 26.5 4.40 ± 0.46bc 3.4 ± 0.67 - -
Control 43.3 ± 4.8a 45.3 ± 1.3a - - 3.30 ± 0.66c 3.2 ± 0.23 - -
CV 16.241 7.344 20.253 21.818
CD (0.05) 6.316 3.279 1.965 NS
2nd Year (2016)
MIC-Consortia 9.9 ± 4.0c 11.9 ± 2.4b 78.8 72.1 6.28 ± 0.21b 6.63 ± 0.73c 60.0 48.1
OF 33.2 ± 5.2b 38.6 ± 2.4a 28.7 9.4 4.18 ± 0.39b 4.90 ± 0.10b - -
Control 46.6 ± 4.2a 42.6 ± 2.6a - - 3.50 ± 0.50a 3.60 ± 0.60a - -
CV 10.791 10.432 12.909 6.199
CD (0.05) 7.311 7.330 1.359 0.709
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In both pot and field experiments, it was observed 
that the pathogen counts increased over time while 
the antagonist counts decreased. However, the rate 
of increase in pathogen population was much lower 
in MFYM treatments when compared to FYM and 
control treatments in both the field experiments 
from two places in two successive years. Although 
the putative Bacillus abundance in MFYM treat-
ments decreased over time, the rate of decrease in 
soil Bacillus spp. was very slow in MIC-Consortia 
and MIC_Abi treatments compared to other treat-
ments (Fig. 1a and b). This shows the importance of 
the periodical application of antagonists in the form 
of MFYM formulations at regular intervals to main-
tain antagonist population around the root zone, 
thereby facilitating diseases management.

The higher disease suppression and yield 
increase in MIC-Consortia and other MFYM treat-
ments might be due to initial increase of Bacillus 
counts in the rhizosphere soil when compared to 
FYM and control treatments. The increase in ben-
eficial Bacillus might have resulted in increase in 
root surface colonization and increased antibiosis 

toward bacterial pathogen in the rhizosphere soil. 
Liu et al. (2013) and Ge et al. (2004) also reported 
that increase in population of BMs reduces the pop-
ulation counts of bacterial wilt in tobacco rhizos-
phere, resulting in disease suppression.

The results of this study showed that eggplant crop 
when treated with the consortium of antagonistic 
Bacillus strains in the form of MFYM approach could 
effectively suppress the bacterial wilt disease inci-
dence, leading to consistently better yield performance 
in two field conditions over two successive years.
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Fig. 2  Population dynamics of pathogen and Bacillus colonies 
in field conditions. a Population dynamics of R. solanacearum 
in eggplant rhizosphere soils in field conditions. b Population 

dynamics of putative antagonistic Bacillus in eggplant rhizos-
phere soils in field conditions
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