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ABSTRACT

Globally tomato (Solanum lycopersicum), belonging to the family Solanaceae, is the
second important vegetable crop after potato. Fusarium wilt is one of the most
devastating soil-borne diseases affecting tomato crop and is responsible for major
economical losses in its yield. To obtain an environment friendly alternative for wilt
disease control in tomato, utilizing the potential of biocontrol agents and oil seed
cakes to mitigate Fusarium wilt control has been explored in the present study. In an
attempt to develop a method of biological control against Fusarium oxysporum f. sp.
lycopersici, efficacy of Bacillus subtilis and Trichoderma harzianum was evaluated in
wilt control. In addition, present work comprised an extensive study to understand
the biocontrol mechanisms of both antagonistic microorganisms and their non-target
effects on soil bacterial community.

Dual culture assay revealed that B. subtilis (MTCC 2274) and T. harzianum
(MTCC 3928) showed highest inhibition against fungal pathogenic mycelia.
Additionally, indigenous fungal (3T) and bacterial (B44) strains were isolated from
rhizospheric soil of tomato exhibiting antagonistic efficacy against pathogen. Further,
characterization of isolated and procured strains was done for their antifungal and
plant growth promoting properties. After ribotyping, it was found that 3T showed
similarity with Aspergillus flavus and B44 with Bacillus sp. As the fungal isolate was
identified as a plant pathogen it was not considered further for in planta assay
whereas the sequence of bacterial isolate (B44) was submitted to NCBI database
(accession number: MG779639). Disease control efficacy of all strains was tested in

in planta assay; it was observed that dual inoculation of B. subtilis and T. harzianum
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exhibited higher efficacy with disease reduction of 56% as compared to chemical
treatment (48.7%). The dual inoculation evidently enhanced the plant growth
parameters. Furthermore, non-target effect of biocontrol agents on soil bacterial
microbiome was assessed using denaturing gradient get electrophoresis (DGGE).
DGGE fingerprints revealed positive shifts in bacterial community of rhizospheric
soil upon treatment with dual inoculation of B. subtilis and T. harzianum as compared
to untreated and uninoculated control. Also, several ecologically important species
were identified in the rhizospheric soil treated with dual inoculation.

In the present study, an extensive study was carried out for the identification
of antifungal metabolites produced by antagonistic strains. It was obsered that both
biocontrol agents were capable of producing hydrolytic enzymes, volatile and non-
volatile bioactive compounds. For B. subtilis activity of p-1,3-glucanase was found
maximum (12.69 U mI? min) on 7" day whereas for T. harzianum it was highest
(21.47 U mlI't min'D at 5" day of incubation. Protease production was maximal at 7™
day of incubation (929 and 846 U ml? min?) for B. subtilis and T. harzianum,
respectively. For B. subtilis, highest value of chitinase activity (33.69 U ml* min™)
was observed after 2 days of incubation. However, in case of T. harzianum highest
activity (154.23 U ml*t min™) was observed at day 5. In in vitro volatile assay, an
inhibition of 61.7% and 47.2% against fungal pathogen was observed with B. subtilis
and T. harzianum whereas culture filtrates (40%) exhibited 58.51 and 44.66%
inhibition against pathogen, respectively. The volatile compounds were extracted with
solid phase microextraction (SPME) and identified with gas chromatography-mass
spectrophotometry (GC-MS). However, antifungal bioactive fractions of non-volatile
compound were screened using direct bioautography and further UPLC-MS identified

morpholine, 4-tridecanoyl and N~2~,N~4~-Bis[3-(piperidin-1-yl)propyl]-1,3,5-



triazine-2,4,6-triamine as one of the major compounds for T. harzianum and B.
subtilis, respectively.

Different formulations viz., talc formulation, alginate beads and water
dispersible granules (WDG) were developed for biocontrol agents. In in planta study,
it was notable that WDG was the most efficient in disease reduction followed by talc
formulation and alginate beads. Also, utilization of oil seed cakes (OSCs) was taken
into consideration for disease control. Among all OSCs, mustard cake showed highest
inhibition (36.8%) of fungal mycelial growth with 10% aqueous extract. Then,
mustard cake was tested as a growth substrate for biocontrol agents, and evaluated its
efficacy in in planta assay. In pot study, mustard cake formulation showed 48%
disease reduction after 6 months of growth, with increased fruit yield, fresh weight,
shoot length and root length over untreated control.

The findings of the present study identified a sustainable and environment
friendly alternative for control of Fusarium wilt. The application of biocontrol agent
with organic amendment could aid in mitigating disease and enhancement of plant
health. Dual inoculation of biocontrol agents, potential source of bioactive volatile
and non-volatile metabolites, exhibited promising effect on disease suppression and
plant growth promotion. In addition, the treatment showed non-target effect by
exerting an enhancement on the abundance of bacteria in rhizosphere of host plant
over untreated control as compared to single inoculation. In addition, dual inoculation
exhibited the presence of some species of ecological importance and reduced the

deteriorating effect of fungal pathogen on bacterial community.
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In vitro dual culture assay between (a) bacterial isolate B44 and (b) fungal
isolate 3T against Fusarium oxysporum as compared to (c) control

Number of seeds germinated each day upon treatment with biocontrol agents
for 15 days where TH= Trichoderma harzianum 3928, BS= Bacillus subtilis
2274, TH + BS= combination of T. harzianum and B. subtilis, B (44) =
selected isolate of Bacillus and control= seeds without any coating.

Germination rate (%) of tomato seed upon treatment with biocontrol agents
after 15 days where TH= T. harzianum 3928, BS= B. subtilis 2274, TH + BS=
combination of T. harzianum and B. subtilis, B (44) = selected isolate of
Bacillus and control= seeds without any coating. Bars followed by the same
letter are not significantly different at p <0.05 by Duncan multiple range test;
error bars indicate = SD of n=30.

Chemical pesticide tolerance of (a) Trichoderma harzianum, (b) Bacillus
subtilis and (c) Bacillus isolate B44 in in vitro plate assay where A=
mancozeb, B= carbendazim, C= chlorpyrifos and x= 1000 ppm
(recommended dose). In each figure, bars with significantly different values
by Duncan multiple range test (p < 0.05) are marked with different lowercase
letters, error bars indicate + SD of triplicates.

Percentage inhibition of Fusarium oxysporum by volatile compounds of (a)
Trichoderma harzianum, (b) Bacillus subtilis and (c) Bacillus isolate B44 in
in vitro plate assay. In each figure, bars with significantly different values by
Duncan multiple range test (p < 0.05) are marked with different lowercase
letters, error bars indicate &= SD of triplicates.

GC-MS chromatograms of volatile organic compounds produced by (a)
Bacillus subtilis, (b) Trichoderma harzianum and (c) Bacillus isolate B44
extracted using solid phase micro extraction with their retention time

Structure of the major compounds produced by Bacillus subtilis identified by
GC-MS using solid phase microextraction; (a) 1,2-benzenedicarboxylic acid,
dioctyl ester, (b) eicosylamine, N-N-dimethyl, (c) 4-octadecylmorpholine, (d)
6- undecylamine and (e) 1-heptadecanecarboxylic acid.

Structure of the major compounds produced by produced by Trichoderma
harzianum identified by GC-MS using solid phase micro extraction; (a)
santalol, (b) 9,12-octadecadienoic acid (z,z), (c) Y-butyrolactone,(d) 6-
octadecenoic acid, methyl ester, (z) and (e) cis-verbenyl angelate.

Structure of the major compounds produced by produced by Bacillus isolate
B44 identified by GC-MS using solid phase micro extraction; (a) 1,2-
benzenedicarboxylic acid, (b) 6-undecylamine, (c) 2-methyloctacosane, (d) 9-
octadecenoic acid and (e) 1-tetradecanamine, N, N-dimethyl.
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Percentage distribution of different volatile organic compounds produced by
(@) Bacillus subtilis (b) Trichoderma harzianum (c) Bacillus isolate B44
identified by GC-MS using solid phase micro extraction

GC-MS chromatogram of volatile organic compounds produced by (a)
Bacillus subtilis, (b) Trichoderma harzianum and (c) Bacillus isolate B44
extracted with ethyl acetate and identified by GC-MS with their retention
time.

Percentage distribution of organic compounds in culture filtrate of (a) Bacillus
subtilis (b) Trichoderma harzianum (c) Bacillus isolate B44 identified by GC-
MS in ethyl acetate extract.

Structures of major compounds in culture filtrate of (A) Bacillus subtilis, (B)
Trichoderma harzianum and (C) Bacillus isolate B44 identified by GC-MS in
ethyl acetate extract. For name of the compound refer to Table 4.8.

Production of (a) chitinase, (b) B-1, 3-glucanase and (c) protease by
Trichoderma harzianum. In each figure, bars with significantly different
values by Duncan multiple range test (p <0.05) are marked with different
lowercase letters. Error bars indicate standard deviation of triplicates.

Production of (a) chitinase, (b) -1, 3-glucanase and (c) protease by Bacillus
subtilis. In each figure, bars with significantly different values by Duncan
multiple range test (p<0.05) are marked with different lowercase letters.
Error bars indicate standard deviation of triplicates.

Production of (a) protease, (b) chitinase and (c) B-1, 3-glucanase by Bacillus
isolate B44. In each figure, bars with significantly different values by Duncan
multiple range test (p<0.05) are marked with different lowercase letters.
Error bars indicate standard deviation of triplicates.

UPGMA tree for bacterial community fingerprints obtained from denaturing
gradient gel electrophoresis of 16S rRNA gene amplified from rhizospheric
samples from tomato at (a) time point-1 (30 DAS) and (b) time point-3 (90
DAS) where T1= Trichoderma harzianum + Bacillus subtilis + Fusarium
oxysporum, T2= B. subtilis + F. oxysporum, T3= T. harzianum + F.
oxysporum, T4= F. oxysporum, T5= carbendazim (1000 ppm) + F. oxysporum
and T6= uninoculated control (only plant). Percentage similarity is
represented on scale, and values on branch nodes depict the cophenetic
correlation.
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Denaturing gradient gel electrophoresis fingerprint of 16S rRNA gene from
soil samples of tomato rhizosphere at first time point where lane T1=
Trichoderma harzianum + Bacillus subtilis + Fusarium oxysporum, T2= B.
subtilis + F. oxysporum, T3= T. harzianum + F. oxysporum, T4= F.
oxysporum, T5= carbendazim (1000 ppm) + F. oxysporum, T6= uninoculated
control (only plant) and L= ladder. Numerical digits refer to number of eluted
band.

Denaturing gradient gel electrophoresis fingerprint of 16S rRNA gene from
soil samples of tomato rhizosphere at third time point where lane T1=
Trichoderma harzianum + Bacillus subtilis + Fusarium oxysporum, T2= B.
subtilis + F. oxysporum, T3= T. harzianum + F. oxysporum, T4= F.
oxysporum, T5= carbendazim (1000 ppm) + F. oxysporum, T6= uninoculated
control (only plant) and L= ladder. Numerical digits refer to number of eluted
band.

Heat map for variability in Shannon index (H) and richness (S) of bacterial
community in rhizospheric samples from tomato at time point-1 (30 DAS)
and time point-3 (90 DAS). For abbreviations, refer to legend of Fig. 4.22.

Antifungal activity of ethyl acetate extract (dissolved in DMSO) of Bacillus
subtilis against Fusarium oxysporum in agar well diffusion assay with (a)
control (blank DMSO) and (b) crude extract of ethyl acetate.

Thin layer chromatography for standardization of solvent system for ethyl
acetate crude extract of Bacillus subtilis where A= methanol, B= chloroform,
C= hexane, D= petroleum ether, E= acetone and F= ethyl acetate.

Direct bioautography for Bacillus subtilis with ethyl acetate as the mobile
phase for developing TLC. ‘a’ and ‘b’ depicts white inhibition zone with
retention factor of 0.475 and 0.625, respectively.

UPLC-MS chromatogram of bioactive fraction of ethyl acetate extract of
Bacillus subtilis 2274 with retention time (min) on x-axis and area (%) on y-
axis.

Structure of compounds identified in bioactive fraction of Bacillus subtilis
identified by UPLC-MS. For name of the compound refer to Table 4.11.

Thin layer chromatography for standardization of solvent system for ethyl
acetate crude extract of Trichodrma harzianum where A= ethyl acetate, B=
petroleum ether, C= methanol, D= acetone, E= hexane and F= chloroform.

Direct bioautography for Trichoderma harzianum with mixture of chloroform
and petroleum ether (8:2) as the mobile phase for developing TLC. ‘a’ and ‘b’
denotes white inhibition zone with retention factor of 0.175 and is 0.4125,
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Inhibition zone formed by extract of band ‘a’ mentioned in Fig. 4.30 against
Fusarium oxysporum.

UPLC-MS chromatogram for compounds identified in bioactive fraction of
ethyl acetate extract of Trichoderma harzianum with their retention time
(min) on x-axis and area (%) on y-axis.

Structure of major compounds identified in bioactive fraction of Trichoderma
harzianum identified by UPLC-MS. For name of the compound refer to Table
4.12.

3D response curve showing interaction between concentrations of acacia
gum-A and alginic acid-B on (a) wetting time, (b) dispersing time and (c)
suspensibility of water dispersible granules.

Dispersion of water dispersible granules (WDG) developed with optimized
concentration of wetting agent and dispersing agent.

(@) Fresh weight and fruit yield, (b) shoot length and (c) root length of tomato
plants treated with T1= water dispersible granules (WDG) (B. subtilis) + F.
oxysporum, T2= WDG (T. harzianum) + F. oxysporum, T3= Talc formulation
(B. subtilis) + F. oxysporum, T4= Talc formulation (T. harzianum) + F.
oxysporum, T5= Alginate beads (B. subtilis) + F. oxysporum, T6= Alginate
beads (T. harzianum) + F. oxysporum, T7= only F. oxysporum and T8=
carbendazim (1000 ppm) + F. oxysporum. In each figure, bars with
significantly different values by Duncan multiple range test (p < 0.05) are
marked with different letters. Error bars indicate standard deviation of
triplicates.

Comparative efficacy of aqueous extract of oil seed cakes against F.
oxysporum in poisoned food technique. Comparison has been done among
percentage inhibition of all cakes at each day of incubation. Bars with
significantly different values by Duncan multiple range test (p < 0.05) are
marked with different letters. Error bars indicate standard deviation of
triplicates.

Growth of Fusarium oxysporum on media amended with aqueous extract of
(A) jatropha, (B) simarouba, (C) mustard, (D) castor, (E) neem, (F) karanja
oil seed cakes and (G) control (potato dextrose agar without any amendment)

Spore count of Fusarium oxysporum on different cakes in solid state
fermentation. Comparison has been among spore count of all cakes at each
day of incubation. Bars with significantly different values by Duncan multiple
range test (p < 0.05) are marked with different letters. Error bars indicate
standard deviation of triplicates.
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Growth of Fusarium oxysporum on (a) karanja, (b) neem, (c) jatropha, (d)
castor, (e) mustard, (f) simorauba oil seed cakes and (g) control (wheat) in
solid state fermentation after 15 days of incubation.

Growth curve of (a) Trichoderma harzianum on solid mustard cake for 15
days with wheat as control and (b) Bacillus subtilis in liquid medium for 7
days with nutrient broth as control. Error bars indicate + SD of triplicates.

Morphology of (a) spores and (b) mycelium of Trichoderma harzianum on
mustard cake under scanning electron microscope.

GC-MS chromatogram for volatile compounds extracted from mustard cake
using solid phase microextraction with retention time.

Structure of major volatile compounds extracted from mustard cake identified
by GC-MS. For name of the compound refer to Table 4.25.

GC-MS chromatogram for compounds identified in ethyl acetate fraction of
mustard cake aqueous extract with their retention time.

Structure of major compounds identified by GC-MS in ethyl acetate fraction
of mustard cake aqueous extract. For name of the compound refer to Table
4.26.

Effect of cake based treatments on growth parameters (a) seedling length
(root + shoot) and (b) fresh weight of seedlings under controlled conditions in
plant growth chamber. In each figure, bars with significantly different values
by Duncan multiple range test (p < 0.05) are marked with different letters.
Error bars indicate standard deviation of triplicates.

(@) Root length, (b) shoot length and (c) fresh weight and fruit yield of tomato
plants treated with T1= [AI + 90% Talcum powder + 10% raw cake and 1%
CMC] + F oxysporum, T2= carbendazim (1000 ppm) + F. oxysporum, T3=T.
harzianum + F. oxysporum and T4= only F. oxysporum. In each figure, bars
with significantly different values by Duncan multiple range test (p < 0.05)
are marked with different letters. Error bars indicate standard deviation of
triplicates.
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