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ABSTRACT: Liquid formulations of two beneficial bacteria viz., Bacillus subtilis IIHR Bs-2 (1% A.S.) and Bacillus 
amyloliquefaciens IIHR Ba-2 (1% A.S.) were evaluated for their bio-efficacy against Meloidogyne incognita in tomato. 
This study was conducted for three consecutive years from 2015-16 to 2017-18. The bio-inoculants were delivered as 
substrate treatment (@5 ml kg-1 cocopeat) alone and in combination with soil application after enrichment in FYM (@ 
5 l ha-1). Pooled analysis of data revealed that the effect of substrate treatment and soil application of Bacillus subtilis 
IIHR Bs-2 1% A.S. was at par with B. amyloliquefaciens IIHR Ba-2 1% A.S.  in suppressing 70.33 to 71.02 per cent 
of M. incognita population in tomato roots (13.17 to 13.58 females per 10 g roots) and soil (99 to 101.3 J2 per 100 c.c) 
and reducing the gall index (1.69 to 1.80 out of 5). Maximum yield of 33.01 to 33.46 tons ha-1 (+ 29.06 to 30.82 per 
cent increase over control) was recorded in these treatments with cost benefit ratio of 1:2.10 to 1: 2.12. It was followed 
by chemical treatment, carbofuran which recorded 63.09 to 64.89 per cent decrease in nematode population and 15.05 
to 15.97 per cent increase in yield. Thus, this study proves the potential of liquid formulations of Bacillus subtilis IIHR 
Bs-2 (1% A.S.) and Bacillus amyloliquefaciens IIHR Ba-2 (1% A.S.) and hence, can be promising components of INM 
package for management of M. incognita in tomato.
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INTRODUCTION

Tomato (Solanum lycopersicum L.), native to South 
and Central America, has established as one of the most 
valuable and indispensable vegetables in the world. They 
are the major dietary source of the antioxidant, lycopene 
and great source of vitamin C, potassium, folate and 
vitamin K. In 2019, it was cultivated worldwide in 5.03 x 
106 ha and yields reached 1.8 x 108 metric tons (Food and 
Agriculture Organization of the United Nations (FAO) 
Statistics; see URL). In India, tomato is estimated to be 
grown in 77,800 ha with a production of 1.9 x 107 metric 
tons (National Horticulture Board Statistics; see URL).

Plant parasitic nematodes are one of the major non- 
insect pests hindering worldwide tomato production with 
monetary loss estimated at USD 80 billion per year (Nicol 
et al., 2011).  The root knot nematodes, Meloidogyne 
species cause huge economic losses in tomato and its 
yield loss potential varies from 25 to 100% (Seid et al., 
2015). In India, All India Coordinated Research Project 
on Nematodes estimated 23% yield loss in tomato due to 
root knot nematodes with monetary loss of Rs. 6035.20 
million per annum (Kumar et al., 2020).

Though application of chemical nematicides is more 
popular among the growers for their ease in application 
and immediate effect on nematode control, their usage 
is discouraged due to their hazardous effects on biotic 
life and environment. Hence biological control agents 
are paid much attention by researchers and policy 
makers as promising components in integrated nematode 
management systems (Rao et al., 2015a).

Rhizobacteria belonging to Bacillus group are 
much researched upon and often called as ‘microbial 
factories’ due to their capability to produce a spectrum 
of biologically active molecules that are antagonistic to 
a wide range of phytopathogens (Ongena and Jacques, 
2008). The most studied rhizobacterium in this group, 
B. subtilis is reported to produce more than a dozen of 
diverse antimicrobial compounds (Stein, 2005) and the 
crude antibiotics secreted by them are reported to be 
anatagonistic to root knot nematodes (Kavitha et al., 
2012).  By formation of biofilm, it efficiently colonizes 
the plant roots and protects against the invading 
pathogens (Ramyabharathi et al., 2020).

B. amyloliquefaciens is a naturally occurring gram 
positive rhizobacteria that are common in soil and root 
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ABSTRACT:The melon borer, Diaphania indica (Saunders) (Lepidoptera: Pyralidae), is a serious pest of tropical and
subtropical cucurbitaceous vegetables. A suitable artificial diet is desirable for producing uniform insects for commercial
purposes or research. Four new artificial diets (D-1, D-2, D-3 and D-4) and bitter gourd, the natural host plant of D. indica,
were used for rearing D. indica, and the life parameters were compared. The results indicated that insects could complete a
full life cycle after 3 generations, only when the larvae were fed bitter gourd or the diet D-1.The new artificial diet, D-1 was
formulated based on bitter gourd leaves, Momordica charantia (L.) and chick pea, Cicer arietinum L. Developmental
parameters like egg hatching, larval duration and longevity of the adult reared on the D-1 artificial diet were found to be
significantly improved relative to the other three diets (D-2, D-3 and D-4), but were not significantly better than those reared
on the host-plant bitter gourd. However, the rearing efficiency (i.e., larval - pupal survival, developmental duration of pupa
and fecundity of adults,) on the D-1 diet was on par with the rearing efficiency on bitter gourd. There were no significant
changes in reproductive potential after five successive generations of rearing on the new diet. These results indicated that
the newly developed diet could serve as a viable alternative to bitter gourd plant for continuous rearing of D. indica.

Keywords: Diaphania indica, artificial diet, reproductive potential, mass production

INTROUCTION
Diaphania indica (Saunders) (Lepidoptera :

Pyralidae), known as melon borer, is one of the key pests
of cucurbitaceous vegetables like cucumber, muskmelon,
gherkin, bottle gourd, bitter gourd, snake gourd and so
on (Pandy, 1977; Ravi et al., 1998; Tripathi & Pandy,
1973, Segeren 1983, Viraktamath et al., 2003). D. indica
has been reported from South America, the Indian
subcontinent, Far East, South East Asia, the Pacific
islands, Australia, and Africa, as causing damage to one
or the other cucurbit round the year (Ke, Li, Xu &
Zheng, 1988; Peter & David, 1990; Ravi et al., 1997,
1998; Radhakrishnan & Natarajan, 2009, Capinera, 2001;
Peter & David, 1991). The larvae of D. indica feed on
flowers, leaves and fruits of cucurbits and cause 14% -
30% yield loss in different cucurbit crops (Jhala et al.,
2005; Singh and Naik, 2006). In order to make and
streamline pest control strategies, studies must be focused
on the biology, bionomics, behaviors, and ecology of the
pest. One has to coordinate these studies for the
availability of a nonstop and satisfactory supply of high
quality experimental insects. Development of artificial diet
has a distinct advantage in that the insect can be reared

throughout the year.There were not many serious
attempts to mass multiply D. indica in the laboratory.
However Ranganath et al. (2006) concentrated on
developing a cost-effective mass rearing techniques for
D. indica. Nevertheless, there are various issues related
to the artificial diet for the continuous rearing of this
species. The disadvantages include difficulty in the
accessibility of some of the components such as tender
gherk in fruit powder throughout the year and incapability
of the diet tosupport the egg and first instar development.
Therefore, artificial diet for this species should be
enhanced for nonstop rising in the laboratory to deliver
a large amount of uniform insects. Hence the point of
this study was to build up an artificial diet suitable for
the constant rearing of D. Indica without a loss of vigor
or reproductive potential.

MATERIALS AND METHODS
Experimental insects

A laboratory culture of D. indica was established in
the Bio control laboratory of Indian Institute of
Horticultural Research (ICAR-IIHR), Bengaluru, India
(12
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ecosystems. It exhibits significant antagonistic action 
against a multitude of phytopathogenic nematodes and 
microbes by induced systemic resistance and secretion 
of antimicrobial metabolites (Han et al., 2010; Prabu et 
al., 2019). Presently, many of the beneficial microbial 
inoculants are formulated mainly in solid carriers like 
talc, lignite etc. which suffer from major impediments 
like shorter shelf life, high contamination and difficulty 
in application though micro-irrigation techniques 
(Hegde, 2002). Liquid based bio-formulations offer 
longer shelf life comparatively with high purity and 
ease in application, storage and transport (Pindi and 
Satyanarayana, 2012).

Keeping these in view, the present study was 
conducted under All India Coordinated Research 
Project (Vegetables) to evaluate the efficacy of liquid 
formulations of Bacillus subtilis IIHR Bs-2 (1% A.S.) 
and Bacillus amyloliquefaciens IIHR Ba-2 (1% A.S.) in 
the management of root knot nematode, Meloidogyne 
incognita infecting tomato under field conditions.

MATERIALS AND METHODS 

The field experiments were conducted in the 
nematode sick experimental plots at Block VI, ICAR-
Indian Institute of Horticulture Research, Bengaluru, 
Karnataka. The experiments were evaluated for three 
consecutive years 2015-16, 2016-17 and 2017-18. Tomato 
var. NS 501 was used and the treatments were applied as 
per the Table 1. Liquid formulations of Bacillus subtilis 
IIHR Bs-2 (1% A.S.) and B. amyloliquefaciens IIHR 
Ba-2 (1% A.S.) available at Nematology laboratory, 
Division of Crop Protection were evaluated as substrate 
treatment (5 ml kg -1 of cocopeat) for production of  
nursery seedlings, alone and in combination with soil 
application after enrichment in Farm yard manure @ 5 

lit ha-1. For enrichment, the liquid formulations of the 
bioagents were mixed in FYM and kept under shade for 
2-3 weeks maintained at optimum moisture of 25 – 30%. 
Intermittently, the lot was mixed thoroughly from top 
to bottom to ensure uniform multiplication of bioagents 
and then applied to field according to the treatments.

 Bioagent treatments were compared with chemical 
nematicide carbofuran @ 1 kg a.i. ha-1. Application of 
FYM alone and in combination with chemical nematicide 
was also evaluated. The experiment was laid out in a 
randomized block design with eight treatments and four 
replications. Regular crop management practices were 
followed as per the recommendations throughout the 
season.

Observations were recorded on nematode population 
(second stage juveniles –J2) in soil per 100 c.c., both 
initially before planting and finally at termination of 
experiment. Soil samples were analysed as per Cobb’s 
decanting and sieving technique followed by modified 
Baermann’s funnel technique for extraction of nematodes 
(Southey, 1986). Galls caused due to M. incognita in roots 
were indexed on a 1-5 scale after uprooting the plants at 
termination (Heald et al., 1989). Number of females of 
M. incognita in 10g roots was estimated after staining 
with acid fuchsin (Bridge et al., 1981). The cumulative 
yield was recorded and expressed as tons ha-1 and per 
cent increase in the yield over control was calculated. 

All the data were statistically analysed using analysis 
of variance and means separated with the Duncan 
Multiple Range Test as per Panse and Sukhatme (1989). 
The data of the three seasons were pooled and cost benefit 
ratio was calculated to evaluate the cost effectiveness of 
the treatments.

Table 1. Details of treatments used in the study

Treatment code  Details

T1 Treatment of 1 kg cocopeat or substrate with 5 ml of Bacillus subtilis IIHR Bs-2 (1% A.S.) for 
producing seedlings of tomato in protrays

T2  Treatment of 1 kg cocopeat or substrate with 5 ml of B. amyloliquefaciens IIHR Ba-2 (1% A.S.) for 
producing seedlings of tomato in protrays

T3 T1+ soil application of 20 tons of FYM enriched with 5 lit of Bacillus subtilis  IIHR Bs-2 (1% A.S.) 
/ ha before planting

T4 T2+ soil application of 20 tons of FYM enriched with 5 lit of B. amyloliquefaciens  IIHR Ba-2 (1% 
A.S.) / ha before planting

T5 Application of 20 tons of FYM / ha before planting
T6 Chemical treatment (carbofuran at 1 kg a.i./ha) before planitng
T7 Chemical treatment (carbofuran at 1 kg a.i./ha) + Recommended dose of FYM (20t/ha) before 

planting
T8 Untreated control 
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RESULTS

Initial population of M. incognita was recorded 
as 118 ± 3, 123.2 ± 1.8, 113.2 ± 3.4 J2/100 c.c soil in 
the first, second and third year trials, respectively.  As 
similar trend of results was observed in all the three 
trials, the data were also pooled and analysed. All the 
treatments with biopesticides and chemicals alone and 
in combination with FYM recorded significantly lower 
nematode population and higher yield.

Among all the treatments, T3 - substrate treatment 
with B. subtilis IIHR Bs-2 (1% A.S.) @ 5 ml kg-1 cocopeat 
in protrays and subsequent soil application of 20 tons of 
FYM enriched with B. subtilis IIHR Bs-2 (1% A.S.) at 5 
l ha-1 recorded the lowest nematode population, both in 
soil (99 J2 per 100 cc soil) and roots (13.17 females per 
10 g root). The effect of this treatment was at par with T4 
- substrate treatment with B. amyloliquefaciens @ 5 ml 
kg-1 cocopeat in protrays combined with soil application 
of 5 tons of FYM enriched with B. amyloliquefaciens at 
5 l ha-1 which recorded 101.33 J2 and 13.58 females in 
soil (100 c.c) and roots (10 g), respectively (Table 2).  

Table 2. Bio-efficacy of liquid formulations of Bacillus bioagents on soil and root population of M. incognita 
infecting tomato

Table 3. Bio-efficacy of liquid formulations of Bacillus bioagents on nematode gall index and yield of tomato 

Treatments
Final Nematode population (J2) per 100 cc soil No. of M. incognita females in  10 g roots

2015-16 2016-17 2017-18 Pooled 2015-16 2016-17 2017-18 Pooled

T1 186.5 136.0 139.8 154.08 20.8 24.3 22.3 23.08
T2 183.3 147.5 150.0 160.25 21.8 25.3 23.8 24.08
T3 113.0 90.8 93.3 99.00 14.0 12.8 10.3 13.17
T4 114.5 94.5 95.0 101.33 14.3 13.3 11.8 13.58
T5 244.8 226.0 319.8 263.50 30.3 39.5 41.8 31.83
T6 131.8 127.0 119.5 126.08 17.8 22.0 18.8 19.67
T7 121.3 121.8 116.8 119.92 20.3 20.0 17.0 18.25
T8 317.5 322.3 385.0 341.58 36.0 43.3 49.0 42.75
CD (5%) 19.4 17.51 15.13 10.65 4.86 4.43 2.84 3.10
SE 9.4 8.4 7.27 5.12 2.36 2.13 1.37 1.49

Treatments
Gall index at termination
(1 to 5 scale)

Yield 
(ton ha -1)

Cost 
Benefit 

ratio

2015-16 2016-17 2017-18 Pooled 2015-16 2016-17 2017-18 Pooled

T1 2.45 2.33 2.30 2.36 30.6 29.7 28.8 29.68 1:1.37
T2 2.48 2.38 2.35 2.38 30.7 30.4 28.1 29.73 1: 1.41
T3 1.78 1.70 1.60 1.69 34.4 34.1 31.9 33.46 1: 2.12
T4 1.83 1.75 1.83 1.80 34.7 33.1 31.3 33.01 1:2.10
T5 3.73 4.05 4.10 3.33 29.1 27.3 26.8 27.75 1:1.23
T6 1.95 2.23 2.38 2.78 30.8 29.5 28.0 29.43 1:1.81
T7 1.95 1.93 2.00 1.96 29.8 30.3 29.0 29.66 1:1.92
T8 4.93 4.93 4.88 4.91 26.8 25.6 24.4 25.58
CD (5%) 0.29 0.34 0.33 0.25 2.65 1.06 0.78 1.05
SE 0.14 0.16 0.16 0.13 1.28 0.51 0.37 0.50
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A maximum of 71.02 and 70.33 per cent reduction 
in soil nematode population was recorded in T3 and 
T4, respectively (Fig. 1). T3 recorded the lowest gall 
index (GI - 1.69) which was at par with T4 (GI - 1.80) 
coupled with higher yield of 33.46 and 33.01 t ha-1 in T3 
and T4, respectively.  The maximum cost benefit ratio was 
recorded as 1:2.12 in T3 and 1:2.10 in T4 (Fig.1; Table 3).

It was followed by treatment with chemical 
nematicide carbofuran (T6) which revealed 126.08 J2 per 
100 cc. soil and 19.67 females per 10 g of tomato roots. 
When combined with application of FYM (T7), there 
was a further decrease in nematode population (119.92 
J2 per 100 c.c soil; 18.25 per 10g roots) (Table 2). Gall 
indices in chemical treatments were significantly lower 
(GI - 1.95 to 2.23) than untreated control (GI - 4.88 to 
4.93). Overall for three years, T6 and T7 recorded 63.09 
and 64.89 per cent reduction in nematode population 
and 15.05 and 15.97 per cent increase in tomato yield, 
resulting in cost benefit ratio was 1: 1.81 to 1:1.92, 
respectively (Fig. 1; Table 3).

 Substrate treatment with B. subtilis IIHR Bs-2 
1% A.S. and B. amyloliquefaciens IIHR Ba-2 1% A.S 

also significantly reduced 54.89 and 53.09 per cent of 
nematode population, respectively compared to control 
(Fig. 1) with cost benefit ratio ranging from 1:1.37 to 
1:1.41. Application of FYM alone @ 20 t/ha revealed 
22.86 per cent reduction in nematode population 
compared to control, with an average of 263.5 J2 per 100 
cc soil and 31.83 females per 10 g roots, in all the three 
trials. Gall indices from 3.73 to 4.10 and yield from 26.8 
to 29.1 t ha-1 was recorded in this treatment (Table 3).

Maximum nematode population in soil (317.5 to 385 
J2 per 100 c.c. soil) and roots (36 to 49 females per 10 g 
roots) and gall index (4.83 to 4.93) was recorded in the 
untreated control plants. It also recorded the least yield 
(24.4 to 26.8 t ha-1) in all the three trials (Table  &3).

DISCUSSION

In the present study, the effect of substrate treatment 
and soil application of Bacillus subtilis IIHR Bs-2 (1% 
A.S.) was at par with B. amyloliquefaciens IIHR Ba-2 
(1% A.S.) in suppressing M. incognita population 
in tomato roots and soil and reducing the gall index. 
This falls in line with the findings of Roy et al. (2015) 
wherein application of B. subtilis @ 50g/m2 in nursery 
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Fig. 1.  Bio-efficacy of liquid formulations of Bacillus bioagents on nematode gall index and 
yield of tomato  
 
[T1 - Substrate treatment with 5 ml of Bacillus subtilis/ kg of cocopeatfor producing seedlings of tomato in 
portrays; T2 - Substrate treatment with 5 ml of B. amyloliquefaciens/ kg of cocopeat for producing seedlings of 
tomato in portrays; T3- T1+ application of 20 tons of FYM enriched with 5 lit of Bacillus subtilis / ha; T4 - T2+ 
application of 20 tons of FYM enriched with 5 lit of B. amyloliquefasciens / ha; T5 - Application of 20 tons of 
FYM/ha; T6 - Chemical treatment (carbofuran at 1 kg a.i./ha); T7 - Chemical treatment (carbofuran at 1 kg 
a.i./ha) +Recommended dose of FYM; T8 - Control without treatment] (pooled data of three trials). 
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Fig. 1.  Bio-efficacy of liquid formulations of Bacillus bioagents on nematode gall index and yield of tomato 

[T1 - Substrate treatment with 5 ml of Bacillus subtilis/ kg of cocopeatfor producing seedlings of tomato in 
portrays; T2 - Substrate treatment with 5 ml of B. amyloliquefaciens/ kg of cocopeat for producing seedlings of 
tomato in portrays; T3- T1+ application of 20 tons of FYM enriched with 5 lit of Bacillus subtilis / ha; T4 - T2+ 
application of 20 tons of FYM enriched with 5 lit of B. amyloliquefasciens / ha; T5 - Application of 20 tons of 
FYM/ha; T6 - Chemical treatment (carbofuran at 1 kg a.i./ha); T7 - Chemical treatment (carbofuran at 1 kg a.i./
ha) +Recommended dose of FYM; T8 - Control without treatment] (pooled data of three trials).
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tomato and increased the yield (+14.9 to 15.2%) and it 
was more effective than talc based solid formulation and 
chemical carbofuran.  Sarangi et al. (2017) observed 
several Bacillus spp. producing plant growth hormones 
viz., indole acetic acid and gibberlic acid and inducing the 
defence enzymatic activities of peroxidase, polyphenol 
oxidase and phenyl alanine lyase against M. incognita 
in tomato. In B. amyloliquefaciens SQR9, Shao et al. 
(2015) detected several plant growth promoting factors 
like extracellular phytase, volatile components (acetoin, 
2, 3 - butanediol) and phytohormones (IAA) which made 
it a promising plant-growth promoting agent to increase 
crop yield for agricultural application. 

The present study also demonstrates that B. subtilis 
IIHR Bs-2 and B. amyloliquefaciens IIHR Ba-2 were 
effectively enriched in FYM and soil application of 
bioagents enriched in FYM showed more cost benefit 
ratio. Similar reports were observed by Rao et al. 
(2017) wherein soil application of B. subtilis enriched 
vermicompost successfully decreased the M. incognita 
and Pectobacterium carotovorum subsp. carotovorum 
disease complex in carrot. Bioagent activity is directly 
correlated with organic amendments and enhanced 
due to accumulation of beneficial microbes and their 
metabolites in amended soils (Walker, 2004; Wang et al., 
2003). Enhancement of bioagent population in organic 
composts like FYM or vermicompost is readily adopted 
by farmers as it reduces the cost of production (Rao et 
al., 2015 b).

CONCLUSION

The present study proves the antagonistic potential 
of liquid formulations of Bacillus subtilis IIHR BS-2 
(1% A.S.) and Bacillus amyloliquefaciens IIHR Ba-2 
(1% A.S.) against the root knot nematode and yield 
enhancement in tomato. There is a large scope for 
exploiting these microbes as biopesticides for nematode 
management in open fields, polyhouses and organic 
farms across several crops, as safe alternatives for 
chemical nematicides. 
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