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Abstract

In past few years, salinity has become one of the important abiotic stresses in the agricultural fields due to anthropogenic
activities. Salinity is leading towards yield losses due to soil infertility and increasing vulnerability of crops to diseases.
Fluorescent pseudomonads are a diverse group of soil microorganisms known for promoting plant growth by involving
various traits including protecting crops from infection by the phytopathogens. In this investigation, salt tolerant plant
growth promoting bacterium Pseudomonas hunanensis SPT26 was selected as an antagonist against Fusarium oxyspo-
rum, causal organism of fusarium wilt in tomato. P. hunanensis SPT26 was found capable to produce various antifungal
metabolites. Characterization of purified metabolites using Fourier transform infrared spectroscopy (FT-IR) and liquid
chromatography-electron spray ionization-mass spectrometry (LC-ESI/MS) showed the production of various antifungal
compounds viz., pyrolnitrin, pyochelin and hyroxyphenazine by P. hunanensis SPT26. In the preliminary examination,
biocontrol activity of purified antifungal metabolites was checked by dual culture method and results showed 68%, 52%
and 65% growth inhibition by pyrolnitrin, 1- hydroxyphenazine and the bacterium (P. hunanensis SPT26) respectively.
Images from scanning electron microscopy (SEM) revealed the damage to the mycelia of fungal phytopathogen due
to production of antifungal compounds secreted by P. hunanensis SPT26. Application of bioinoculant of P. hunanensis
SPT26 and purified metabolites significantly decreased the disease incidence in tomato and increased the plant growth
parameters (root and shoot length, antioxidant activity, number of fruits per plant, etc.) under saline conditions. The study
reports a novel bioinoculant formulation with the ability to promote plant growth parameters in tomato in presence of
phytopathogens even under saline conditions.

Keywords Pseudomonas hunanensis - Biocontrol - Pyrolnitrin - Lycopersicum esculentum - Salinity - Antifungal
compounds

Introduction

Tomato (Lycopersicum esculentum) belonging to the fam-
ily Solanaceae and grown worldwide, is the second most
important vegetable crop after potato. China and India are
the top two producers of tomato with estimated cultivation
of 67.64 million metric tonnes and 21 million metric tonnes
respectively, in the year 2021 (STATISTICA 2022). But,
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salinization is one of the most prevailing stresses around the
world, which is affecting the yield and quality of crops (Ors
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land in next 30 years (Kumar and Sharma 2020; Arora et al.
2020). Salinity adversely affects the various developmen-
tal stages of plants including germination, photorespiration,
transpiration, and reproduction. Besides the abiotic factors,
tomato crop is also very prone to the infections caused by
phytopathogens. Fusarium oxysporum f. sp. lycopersici is
the soil-borne fungal phytopathogen that causes fusarium
wilt, crown, and root rot diseases in the tomato (Larkin and
Fravel 1998; Mohammed et al. 2020). Fusarium infects
the tomato crop severely by infecting the root and crown
of the plants by colonizing the vascular system, which dis-
turbs the whole vital mechanisms decelerating the plant
growth, wilting and eventually results in plant death. In the
recent years, it has been reported that tomato crop is facing
approximately 60-70% of yield loss due to infection of F
oxysporum (Murugan et al. 2020). Due to these factors, the
world is experiencing a great loss in the crop yield, which is
imposing a threat to the food security (Ramirez-Carifio et al.
2020). Farmers generally use pesticides for the protection
of tomato crop from phytopathogens such as F. oxysporum.
Pesticides have adverse effects on human health and on the
ecosystem. Hence, there is a demand to utilize sustainable
and greener methods for enhancing crop productivity with
plant disease management.

Soil-borne pathogens could be eradicated by eco-friendly
methods such as using the resistant varieties or by employ-
ing biocontrol agents (BCAs). Although the use of resistant
tomato cultivars can reduce the disease incidence to some
extent, the occurrence of novel races and evolution of patho-
gens sustains the problem (Castano et al. 2013). Biocontrol
agents like Bacillus sp. and pseudomonads are well-known
for controlling the infection of fungal phytopathogens.
Pseudomonads have great potential to enhance the growth
of plants and simultaneously protecting them from phyto-
pathogens due to their versatility, adaptability, and ability
to produce an array of metabolites. Halotolerant strains
efficiently improve the plant growth and productivity under
saline conditions by promoting the mineral solubilization
and antioxidant activity (Arora et al. 2020, 2024; Mishra
et al. 2024). They significantly maintain plant health with
efficient root colonization, induction of host systemic resis-
tance, antagonistic activity against pathogens, production
of extracellular cell wall degrading enzymes, and secretion
of antibiotics. Pseudomonads are known to produce several
antibiotics including phenazine, pyocyanin, pyoverdines,
2,4-diacetylphloroglucinol (2,4-DAPG), pyoluteorin (PLT),
pyrolnitrin (PRN) and pseudomonic acid (Fuller et al. 1971;
Whistler and Peirson 2003; Chen et al. 2015; Mishra and
Arora 2018; Schiessl et al. 2019; Zhang et al. 2020).

Pseudomonads are extensively being utilized as plant
growth promoting rhizobacteria (PGPR), but there is lim-
ited research on their utilization for alleviation of combined
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impact of salinity and phytopathogens on crop. In this study,
a salt tolerant PGPR (ST- PGPR) with biocontrol abilities
is exploited to control the fusarium wilt of tomato under
saline conditions. To determine the mechanisms of action,
anti-fungal metabolites of the ST-PGPR were investigated.
Effect of inoculation of the ST-PGPR on growth parameters
of tomato were checked in presence of the phytopathogen £
oxysporum under saline conditions. Additionally, antifungal
metabolites produced by the bacterium were also investi-
gated to control the phytopathogen.

Materials and methods
Study site and collection of samples

Soil samples were collected from the rhizosphere of tomato
growing under saline conditions in the region of Kanpur
Dehat (26.7108° N, 79.7540° E), Uttar Pradesh, India. The
samples were collected in the month of March, when mini-
mum temperature was 26 °C and maximum 33.3 °C. Soil
samples (rhizosphere) were collected from three different
plants in sterile poly bags and immediately brought into the
laboratory for testing. The pH and EC (electrical conductiv-
ity) was recorded to be in the range of 9.2 and 8.6 dS/m
respectively, indicating saline nature of the soil.

Isolation of bacteria from the rhizosphere of tomato

Bacterial isolates were obtained from rhizosphere of tomato
growing under saline stress. Further, cultures were streaked
and maintained on KB agar by picking up colonies show-
ing fluorescence. Fungal strain (F. oxysporum F84) was
obtained from the National Agriculturally Important Micro-
bial Culture Collection (NAIMCC), Mau, Uttar Pradesh,
India. Fungal culture was revived on potato dextrose agar
(PDA) and incubated for 5—7 days at 30 °C. Bacterial and
fungal cultures were preserved for further analysis in slants
of KB agar and PDA respectively, in refrigerator at 4 °C and
sub-cultured at regular time intervals. Cultures were also
preserved in glycerol stock under — 86 °C.

Preliminary screening of salt tolerance and
antagonistic activities of isolates against F.
oxysporum

In vitro screening of all 46 isolates for salt tolerance was
checked by observing growth on the KB agar containing
NaCl in concentrations (1-10%). Medium without salt
was taken as control. The efficacy of salt tolerant isolates
for biocontrol potential under different salt levels (1- 10%)
against F. oxysporum was checked on PDA plates by dual
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culture technique (Kandoliya and Vakharia 2013). Inhibi-
tion of fungal growth was compared with the fungal growth
in the control plate with no bacterial inoculation, and the
observed difference was recorded. Three replicates were
taken for each isolate. Percentage of growth inhibition of F.
oxysporum was measured and calculated using the formula:

Inhibition percentage of fungal growth (I) = %X 100

Where, C is mycelial growth of F. oxysporum in control
plate (in cm),

T is mycelial growth of F. oxysporum in plates co-inocu-
lated with bacterial isolates (in cm).

Molecular identification of selected isolate SPT26

Isolate SPT26 was selected on basis of its salt tolerance
and antagonistic properties against the fungal pathogen for
sequencing. For this 16 S rRNA gene 1200 bp was amplified
with universal bacterial primers (27 F 5'-AGAGTTTGATC-
MTGGCTCAG-3' and 1541 R 5-AAG GAG GTG ATC
CAG CCG CA-3') using polymerase chain reaction (PCR)
according to George et al. (2015). The resulted high-quality
sequences were analysed with BLASTn (NCBI) to confirm
the authenticity of the bacterium. The sequence was sub-
jected to basic local alignment search tool (BLAST) analy-
sis using the online option available at http://www.ncbi.nlm.
nih.gov/BLAST. Nucleotide-BLAST was used to identify
the sequence homology. The gene sequence was submitted
in the NCBI for accession number. Distance matrices were
computed via Mega X software version 4.0 using Neigh-
bour Joining method (Tamura et al. 2007). Relative support
for specific clades, represented in the tree was estimated by
bootstrap analysis of 100 replicates. Nucleotide divergences
were estimated using Kimura’s two-parameter method.
Sequence data analysis was carried out by a stepwise
approach. Isolate SPT26 was submitted at National Agricul-
turally Important Microbial Culture Collection (NAIMCC),
Mau, India, an international culture repository, which is
approved by International Depository Authority (IDA).

Extraction and Fourier transform infrared (FT-IR)
spectroscopy of extracted antifungal metabolites

Extraction of metabolites produced by the isolate SPT26
was done according to Rosales et al. (1995). Briefly, freshly
grown loopful culture was inoculated in King’s B broth
medium (250 ml) supplemented with glycerol and 5% NaCl.
Culture was further incubated with shaking at 100 rpm at
28 °C for 72 h. After that, broth culture was centrifuged at
10,000 rpm for 15 min at 4 °C temperature. Supernatant of
culture was separated, and its pH was reduced to 3.0 using
3 M hydrochloric acid to denature the enzymes produced.
Metabolites from samples were extracted using supernatant

and ethyl acetate (1:1) in separating funnel. The sample was
shaken vigorously for 30 min and separating funnel was
placed stable for 10-15 min. Later, organic layer of ethyl
acetate was separated, and this extraction was repeated with
supernatant portion using 150 ml ethyl acetate. Obtained
layers of ethyl acetate were combined and evaporated under
reduced pressure using rotary evaporator. Procured residues
were dissolved in 2.5 ml of methanol (LCMS grade).

FT-IR spectroscopy of extracted metabolites was per-
formed for identification of organic and inorganic func-
tional groups. Extracted compounds from isolate SPT26
were dried in absence of light under room temperature for
2448 h. The obtained compounds were mixed with potas-
sium bromide (KBr) in ratio 1:30 and pellet preparation
was done as described by Prakash and Arora (2021). Fur-
ther, pellets were analyzed under FT-IR spectrophotometer
(Model: NicoletTM 6700, ThermoFisher Scientific, USA)
at the wavelength range of 5004500 cm™'.

Purification of antifungal compounds from crude
metabolite extracted from culture supernatant
through thin layer chromatography (TLC)

Extracted metabolite was subjected for the TLC for purifica-
tion of the antifungal compounds as described by Prakash
and Arora (2021). TLC plates coated with 250 um thick
layer of silica gel were activated by keeping the plates at
110°C for one hour just before use. A line was drawn on
TLC plate with the help of pencil with margin of 1 cm and
10 ul of metabolite sample was spotted at two or three
places on the drawn line. Spots on TLC were developed by
using acetonitrile: methanol: water (1:1:1) as solvent. Plates
were observed under short wavelength UV light at 254 nm
and after spraying with diazotized sulfanilic acid (DSA).
The active spots were scraped from plates and dissolved in
100 pl of methanol followed by centrifuging at 8000 rpm
for 15 min for separating the silica from the metabolite.
Purified metabolites were then assayed for antagonistic
activity against F. oxysporum.

Antifungal activity of purified metabolite from
culture supernatant against F. oxysporum

Estimation of antifungal activity of purified metabolites in
normal and saline conditions was done by the well diffu-
sion method (Perez et al. 1990). Muler Hinton agar (MHA)
plates with different salt levels (1-10%) and without salt
were prepared and fungal spore suspension of cfu (colony
forming unit) 3 x 10® in 0.5 McFarland solution was spread
on the plates. Wells of volume of approximately 100 pL
were made in the centre of plates with the help of cork-borer.
However, wells were not made in the control plates. These
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wells were filled with the purified metabolites (10 mg/ml)
and the plates were kept in the incubator at 28 °C for five
days. After five days, the growth inhibition was observed
and compared with control plates, and the zone of inhibition
was measured.

Further, minimum inhibitory concentration (MIC) of
antifungal compounds A and B was determined by well dif-
fusion method (Perez et al. 1990). In this method, well with
different concentrations (0.1%, 0.5%, 1%, 1.5%, 2%) of
antifungal compounds A and B were tested for their activity
of growth inhibition of F. oxysporum. Each experiment was
carried out with three replicates.

Morphological and structural changes in challenged
F. oxysporum

Morphological changes in mycelia were observed at ultra-
structural level under scanning electron microscope (SEM)
by comparing the images obtained of challenged fungus
and non-challenged fungus (control). For determination
of structural changes mycelia were taken from the zone of
inhibition of fungal growth and primary fixation was done in
2.5% glutaraldehyde at 4 °C for 4-6 h. Fixed mycelia were
then washed for three times in 0.1 M phosphate buffer. Post
fixation was done by 1% osmium tetroxide for 2 h at 4 °C.
Then, samples were again washed three times with 0.1 M
phosphate buffer and dehydration was done in increasing
concentration of acetone (30%, 50%, 70%, 90%, 95%,
100%) for removing water molecules from samples (Xu et
al. 2020). This method was repeated for mycelia taken from
control. Finally, samples were mounted on aluminium stubs
with carbon tape and coated with gold using sputter coater
for making sample conductive (MSC-101, JOEL). The pre-
pared sample of the fungal mycelia were observed under
SEM (Model: JSM:7610 F, JEOL, Japan).

Identification of antibiotics through liquid
chromatography-electron spray ionization-mass
spectrometry (LC-ESI/MS)

The purified antifungal metabolites were mixed with metha-
nol (15-20 mg/ml) and subjected for characterization using
liquid chromatography-electron spray ionization-mass
spectrometry (LC-ESI/MS) technique using Water ultra-
performance liquid chromatography-triple quadrupole pho-
todiode (UPLC-TQD) mass spectrometer (Waters Corp.,
MA, USA) (Meliani et al. 2022). Chromatographic separa-
tion was achieved by the C18 column (250X 4.6 mm, 5 pm
pore size). Analysis was carried out with sample injection
volume 10 pL, mobile phase at a rate of 1.5 mL/min.

@ Springer

Pot experiment and assessment of efficacy of
metabolite against F. oxysporum in tomato

Pot study was carried out in the open greenhouse at the
experimental field of Department of Environmental Sci-
ence, Babasaheb Bhimrao Ambedkar University, Lucknow,
India. The tomato variety (PUSA, from Punjab seeds Ltd.
Lucknow, UP, India) was selected because of its ease of
availability and good productivity. The seeds were sown
in the saline soil with pH 9.2 and EC 8.6 dS/m, obtained
from Kanpur Dehat, India for experimental purposes. The
soil physico-chemical properties were characterised before
and after the pot experiment (Table 1). Soil pH and EC
were analysed according to standard protocol given by FAO
(2021). Bacterial count in the soil samples was determined
according to Dada and Aruwa (2014). Water holding capac-
ity (WHC) of soil was checked according to Arora et al.
(2024). Later, WHC of soil was calculated as:

WHC (%) = [(amount of water added to soil — amount
of water left in measuring cylinder)/ amount of water added
to soil] x 100.

Soil nitrogen and available phosphorus was estimated
by Kjeldahl method and Olsen method respectively, as per
given by FAO (2021). Soil Sodium (Na) and Potassium
(K) content was checked according to the method given
by Kumar and Rao (2017). In this method, soil extract was
prepared and analyzed under flame photometer. Na and K
content were calculated as follows:

Na (ppm)=Na concentration in ppm x dilution factor.

K (ppm)=K concentration in ppm x dilution factor.

Prior to sowing, surface sterilization of seeds was done
using 3% sodium hypochlorite solution for 1 min follow-
ing the washing of seeds three times with autoclaved double
distilled water. Seed coating was done with the help of talc-
based bioformulation, and seeds were treated with the bio-
formulation for overnight. Talc-based bioformulation was
prepared according to the method described by Fatima et al.
(2020). In brief, bacterial cell suspension was prepared by
growing SPT26 in KB broth at 28 °C at 100 rpm. After 24 h,
100 ml of cell suspension was taken, and optical density
(OD) was adjusted (to approximately 1.0) using autoclaved
double distilled water. This suspension was further mixed in
talc-cellulose mixture. Talc-cellulose mixture was prepared
according to Nandakumar et al. (2001), calcium carbonate
was mixed in 1 kg of talc at rate of 15 g/kg for adjustment
of pH to 6.5+0.2. Carboxymethyl cellulose (CMC) at rate
of 1 g/kg of talc was added to mixture for enhancing bind-
ing characteristic of bioinoculant. After seed coating, seeds
were sown in the saline soil. The experiment was conducted
in triplicate and the treatments given were: Treatment 1
(control), Treatment 2 (negative control i.e., treated with
spore suspension (3x10%) of F oxysporum), Treatment
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Table 1 Various soil parameters checked after harvesting the tomato crop in different treatments. Data are means of five replicates with standard
deviation. Same letters in superscript denote statistically insignificant difference while treatments with different letters have significant difference
in the values (P <0.05). The designated treatments are: T1—control (untreated), T2 — £ oxysporum (only fungal inoculum), T3 —SPT26 (only
bacteria), T4 — SPT26 + F. oxysporum, TS —compound A (pyrolnitrin)+ F. oxysporum, T6- compound B (1-hydroxyphenazine) + F. oxysporum,
T7- SPT26 + compound A (pyrolnitrin) + £ oxysporum, T8- SPT26 + compound B (1-hydroxyphenazine) + F. oxysporum, T9- compound A (pyrol-
nitrin) + compound B (1-hydroxyphenazine)+ F. oxysporum, T10- SPT26 4+ compound A (pyrolnitrin) + compound B (1-hydroxyphenazine) + F.

oxysporum
Treatment Soil pH Electrical Bacterial count Water hold-  Soil sodium Soil nitrogen Soil Soil potassium
conductivity  (cfu/ml) ing capacity  (Na) (ppm) (g/kg) available (ppm)
(EC) (dS/m) (WHC) (%) phosphorus
(g/kg)
Tl 9.73+0.50 ® 8.53+0.70¢ 5.6%x10° + 5.57+0.50* 50.33+6.66° 0.21+0.02° 14.07+2.35 131.33+2.52F
1.15%8 ab
T2 9.26+1.00° 829+096¢ 6x10°+2.00* 493+1.94% 51+872° 0.22+0.01°2 12.68+2.60 134.66+6.50
a
T3 73+045% 3.76£045° 123x10% + 1452+1.82 2433+321 1.17+0.34° 31.67+3.38 71.66+4.16°
11.06 ¢ ° b ¢
T4 6.76 + 0.30° 55+1.18¢ 1.39%x107 + 13.97+2.61 22.66+4.16 0.36+0.052 13.1+£1.77% 84.33+6.51
12.06 4 b b.e de
T5 6.73 +0.35° 426+1.16 4.4x10°+ 5.95+1.42% 3333+2529 0.33+0.042 18.36+3.77 76+5.57%4
b, c b b, c
2 721 g
T6 6.86+0.50 ° 46+0.80>° 4.03x10°+ 525+1.11% 3333+7.57¢ 0.41+0.03° 20.86+1.37 88.66+2.08 ¢
16.26 ° cd
T7 7.53+0.862 3.5+0.66%" 1.43x10%+ 14.64+3.33" 19+2.64%" 1.5+0.17¢ 25.144+3.93 55.66+ 8.50%"
14.29%4 d
T8 7.43+0.872 3.53+0.35%" 1.47x10%+ 16.68 +2.92" 22.33+1.53>° 1.73+0.10¢ 33.5+3.20° 65.33+7.51>°¢
13.80¢
T9 6.8+0.44% 3.9+020%  5.93%x10° + 53+2.81% 31+£4.00%9  0.8+0.05° 34.68+0.78° 85.33+8.62
15.63° de
T10 6.76 + 0.38° 2.23+0.74*  1.78x 108+ 22.27+3.23° 12+1.00° 1.7+0.16¢ 36.3+3.02° 48.33+6.03
5.00°

Values in bold indicate the three most effective treatments

3 (P. hunanensis SPT26), Treatment 4 (SPT26+ F. oxys-
porum), Treatment 5 (1% compound A+ F. oxysporum),
Treatment 6 (1% compound B+ F. oxysporum), Treatment
7 (SPT26+ 1% compound A+ F. oxysporum), Treatment
8 (SPT26+ 1% compound B+ F. oxysporum), Treatment
9 (1% compound A+ 1% compound B+F oxysporum),
Treatment 10 (SPT26+ 1% compound A+ 1% compound
B+ F. oxysporum). The seedling germination was observed
15 DAS (days after sowing) and germination rate was cal-
culated according to the formula (Fatima and Arora 2021):

Germination rate (%) =

Number of germinated seeds

100
Total number of seeds sown .

The tomato plants grown in the pot were transplanted after
attaining the growth of 30 DAS. Before transplantation, the
seedlings were treated with root dip method according to the
different treatments as mentioned above. Pots having height
24 cm and width 20 cm were selected and filled with saline
soil and sand in the ratio of 3:1. One seedling of tomato per
pot was transplanted and the pots were arranged randomly

with completely randomised block design (CRBD) arrange-
ment having five replicates per treatment.

Assessment of effect of treatment on growth of
tomato plants under saline conditions

After 90 days, plants were uprooted in mature fruiting stage
and analyzed for various parameters such as, root length,
shoot length, fresh weight, dry weight, relative water con-
tent and average number of fruits per plant was calculated.
All the phytochemical parameters viz. photosynthetic pig-
ments (chlorophyll-A, chlorophyll-B), carotenoid content,
total phenolic content, carbohydrate, total soluble protein,
proline, and flavonoid content were estimated spectrophoto-
metrically in triplicates. Photosynthetic pigment and carot-
enoid content of plant sample were checked as per Porra
et al. (1989). Total phenolic content was assessed using
Follin-Ciocalteau method of Karimi et al. (2014). Carbohy-
drate content was estimated by anthrone carbohydrate test
(Kumar et al. 2020). Total soluble protein was estimated as
per Lowry et al. (1951), and flavonoid content was estimated
according to Senguttuvan et al. (2014). Proline content was
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analysed in the samples according to the method given by
Abraham et al. (2010).

Statistical analysis

All the experiments were repeated three times and data
obtained from five replicates were statistically analyzed
using SPSS (version 23) using one-way ANOVA. The sig-
nificance of differences amongst all treatments were tested
using Duncan multiple range test (DMRT) at P value of
<0.05. Heatmap was plotted using MS Excel to envision
the effects of various treatments on different plant biochemi-
cal parameters (P <0.05). Origin 2023 software (OriginLab,
Massachusetts, USA) was used to plot the Pearson corre-
lation graph to study the correlation between the various
parameters of the plants.

Results

Preliminary screening of salt tolerance and
antagonistic activities of isolates against F.
oxysporum

In total 46 isolates were obtained from the rhizospheric soil
of the tomato plant growing under saline conditions. All iso-
lates were assayed for salt tolerance by observing growth
under different salt concentrations. More than 50% of the
isolates were not able to grow in saline conditions where
as some isolates were able to grow at 3% and 5% NaCl
SPT26 and SPU19 were found to grow efficiently at 8%
NaCl, while SPU31 and SPTc2 were able to grow at 10%
salt concentration. Results obtained from the biocontrol test
conducted against F. oxysporum revealed that SPU13 (26%)
and SPU31 (43%) showed minimum inhibition, whereas
SPU19 (75%) and SPT26 (65%) showed maximum inhibi-
tion of the phytopathogen (Supplementary Table 1). In pres-
ence of 5% salt SPU19 and SPT26 were able to inhibit the
fungal growth by 70% and 62% respectively. Out of all the
isolates, SPT26 and SPU19 were selected due to their salt
tolerance and antagonistic behaviour against F. oxysporum
(Supplementary Fig. 1).

Molecular identification of selected isolate SPT26

Isolate SPT26 showed 99% similarity with Pseudomonas
hunanensis strain NR_178547.1, while SPU 19 showed
similarity with Pseudomonas aeruginosa. Only SPT26 was
selected for further studies as SPU 19 was identified as P.
aeruginosa, which is a well-known opportunistic human
pathogen. The sequence of the selected isolate SPT26 has
been deposited in the NCBI GenBank Database under
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Accession Number PP152356.1. Isolate SPT26 was also
deposited at NAIMCC, Mau India, with the accession num-
ber NAIMCC-B-03806.

Extraction and Fourier transform infrared (FT-IR)
spectroscopy of extracted antifungal metabolites

FT-IR spectroscopy was performed of extracted metabolites
obtained from P. hunanensis SPT26 (Supplementary Fig. 2).
The obtained peaks of the FT-IR spectrum were examined
as per Griffith (1996). The peak at 3298.29 cm™! shows the
presence of pyrrole ring. Peak at 2947.5 cm™! indicates the
stretching vibration of ~OH group denoting the existence of
alcohol, phenol, and carboxylic acid present in the metabo-
lite sample. The peak at 2915.06 cm™' and 2832.96 cm™!
is attributed to C—H stretching vibration of cyclopropyl
group. Presence of peak at 1661.29 indicated the N-H
bending, denoting the vibration of primary and secondary
amide compounds such as acetamide, carboxamides, ben-
zamides and absorbance peak at 1449.29 cm™! attributed
to C=0 stretching of carboxyl functional group. Peaks at
1112.91 cm™! and 1021.13 cm™! signify presence of C—F
group and alkyl halides. Altogether, resulting spectrum of
bacterial metabolites from P. hunanensis SPT26 showed the
presence of pyrrole ring, alcohol, phenol, carboxylic acid,
alkyl halide, cyclopropyl group and amides group.

Purification of antifungal metabolites from culture
supernatant through TLC

Crude metabolite was obtained after separating ethyl ace-
tate layer from separating funnel and evaporating by using
rotary evaporator. Crude metabolite extracted from SPT26
was purified using TLC plate of silica kept in solvent until
the solvent reached at the top of the plate. Three main spots
at distance of 3.8 cm, 4.2 cm and 4.5 cm (Supplementary
Fig. 3) with retardation factor (Rf) value 0.76, 0.84 and
0.90 respectively, were found to appear on TLC plate. Three
different spots signify the presence of three different com-
pounds in the extracted metabolite, which were named as
compounds A, B and C. Using the reference of Rf value,
assumption was done for presence of pyrolnitrin, phenol
group, phenazines and pyocyanin. The analysis through
TLC is not sufficient to identify the obtained compounds;
hence compounds separated were further checked for esti-
mating their antifungal activity and LCMS analysis.

Antifungal activity of extracted metabolite of P.
hunanensis SPT26 against F. oxysporum

In the present study, P. hunanensis SPT26 was demon-
strated to exhibit excellent antifungal properties against
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F. oxysporum. After the extraction and purification of the
metabolite from SPT26, the antifungal compounds A, B and
C were observed to inhibit the fungal growth by 68%, 52%
and 45% respectively, on MHA plates under salt stress (5%
NaCl) (Supplementary Fig. 4). Hence, it can be assumed
that the growth of the fungus was majorly limited due to the
compound A present in the extracted metabolites, although
compounds B and C also inhibited the fungal growth. Out-
comes from MIC test showed that 1% of metabolite is the
minimum concentration of compounds, which could be
employed as biocontrol metabolites for inhibition of growth
of F. oxysporum.

Morphological and structural changes in challenged
F. oxysporum

Determination of structural and morphological difference
within fungal mycelia of control and treated plates was
performed with the help of SEM analysis. Fungal mycelia
were taken from both plates i.e., zone of inhibition of treated
plate and from the control plate. Mycelia of F oxysporum
taken from the control plates were observed to be smooth
and healthy with septate structure and no damages (Fig. 1a),
while on the other hand, bacterium treated fungus appeared
rough, damaged and ruptured. Bacterial cells were visible in

L

03 BBAU

~ 10kV  X5,000_ 5um 0003 BBAU

Fig. 1 SEM images showing (a) Mycelia of control plates with no
fungal inoculation, (b) mycelia of fungus treated with P. hunanensis
SPT26 showing bacterial cells colonization on the hyphae as indicated

the SEM images of fungus inoculated with SPT26 (Fig. 1b).
In the images, treatment of compound A was clearly visible
to causing damages and disruption in the fungal mycelia
(Fig. 1c). In case of treatment with compound B, the myce-
lia appear to disintegrate and there was shrinking of hyphae,
which inhibited the growth of F. oxysporum (Fig. 1d). Dis-
ruption of mycelia can be seen in the SEM images, which
showed breaking, indicating the lysis of hyphae due to pro-
duction of antibiotics by P. hunanensis SPT26. By analyzing
the SEM results it can be stated that P. hunanensis SPT26
exhibits strong antagonistic activity against F. oxysporum.

Identification of antibiotics through liquid
chromatography-electron spray ionization-mass
spectrometry (LC-ESI/MS)

LC-MS analysis of extracted metabolites from P. hunanen-
sis SPT26 was performed in the m/z range of 200—1000.
Compounds A, B and C were analysed by LC-ESI/MS,
which demonstrated the presence of antifungal compounds,
siderophore and antibiotics. Different antifungal com-
pounds produced by SPT26 having the distinct m/z values
denote the presence of the specific metabolites. Peaks found
in the compound A indicated the presence of pyrolnitrin
having m/z ratio 256.6 and 258.6 (Fig. 2), which is well

() _

S5um

(d)

by the arrow, (¢ and d) ruptured mycelia of fungus treated with pyrol-
nitrin and 1-hydroxyphenazine respectively, arrows indicate the rup-
ture and other deformities
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Fig. 2 LC-ESI/MS analysis of pyrolnitrin production by P. hunanensis SPT26. The top panel shows extracted ion chromatograms at m/z=256.6
and 258.6 of compound A. Arrows demarcate the peaks of reported compound

known antibiotic produced by Pseudomonas sp. In vitro
studies of biocontrol showed that compound A exhibited the
best antifungal properties against F. oxysporum. Hence, this
study signifies that pyrolnitrin produced from P. hunanensis
SPT26 is highly effective against F. oxysporum. The peaks
in compound B exhibiting m/z ratio 197.4 (Fig. 3) were
found to be 1- hydroxyphenazine having molecular mass of
197.1. This is a phenazine pigment produced by pseudomo-
nads naturally (Guo et al. 2020). The compound C showed
the peak having m/z value 325 (Supplementary Fig. 5)
denoting the presence of pyochelin, which can be respon-
sible for controlling the fungal growth. Pyochelin, pyocya-
nin and 1-hydroxy-phenazine are siderophores known to be
produced by pseudomonads (Yasmin et al. 2017; Ngalimat
et al. 2021).

Pot experiment and assessment of efficacy of
metabolite against F. oxysporum in tomato

Efficiency of P. hunanensis SPT26 and its metabolite were
assessed through pot experiment. The characterization of
soil physico-chemical properties was performed before and
after conducting the pot experiment and results are men-
tioned in the Table 1. Seed germination rate was lowest in T2
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(20%) due to salinity stress and £ oxysporum inoculation,
while it was highest in bacterial inoculation alone (90%)
and bacterial inoculation with antifungal compounds A and
B (90%). The treatment of compound A and compound B
(40%) showed germination rate similar to uninoculated
control (40%). Hence, it can be concluded that treatment
of antifungal compounds had no significant impact on ger-
mination rate of seeds, while SPT26 and SPT26 along with
compounds A and B significantly increased the germination
in comparison with control.

Among the plant growth parameters, root length and
shoot length were found to be lowest (7.63 cm and 17.36 cm
respectively) in case of F. oxysporum inoculation and high-
est (28.9 cm and 41.3 cm respectively) when treated with
both antifungal compounds along with SPT26. The treat-
ment of compound A and SPT26 in presence of F. oxyspo-
rum resulted in significant enhancement of root and shoot
length by 173.92% and 79.9% respectively, in comparison
to negative control. Similarly, treatment with compound B
and SPT26 in presence of the phytopathogen significantly
enhanced root length of tomato plants by 193.58% and
161.68% in comparison with negative control (T2) and con-
trol (T1) respectively. Treatments with compounds A and
B alone but in presence of F. oxysporum were observed to
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Fig. 3 LC-ESI/MS analysis of 1-hydroxyphenazine production by P. hunanensis SPT26. The top panel shows extracted ion chromatograms at
m/z=197.4 of compound B. Arrow demarcates the peaks of reported compound

increase root length by 110.09% and shoot length by 40.72%
in comparison to negative control (Fig. 4a).

Due to increased root and shoot length in plants with treat-
ment of both antifungal compounds together with SPT26
(T10) the fresh weight (530 g) and dry weight (341.66 g) of
plants were also significantly highest in case of T10 in com-
parison to control (T1) and plants inoculated with F. oxys-
porum (T2) (Fig. 4b). In case of treatment with compounds
A and B in presence of F. oxysporum (T9), fresh weight and
dry weight of plants was found to be significantly increased
by 53.33% and 16.35% respectively, as compared to treat-
ment of SPT26 alone in presence of F oxysporum (T4).
Treatment of both antifungal compounds along with SPT26
in presence of F oxysporum increased the fresh weight by
253.33% in comparison with negative control (T2), while
it increased by 187.01% in comparison with control (T1).
Number of branches in the plants were found maximum
i.e., 15 branches, when treated with both antifungal com-
pounds along with inoculation of SPT26 and minimum i.e.,
5 branches in the plants with F. oxysporum treatment (T2).
While number of branches with inoculation of SPT26 along
with compound A and bacterium treatment along with com-
pound B were 14 and 13 respectively. In case of number of
fruits per plant treatment of both antifungal compounds (A
and B) along with SPT26 and F. oxysporum (39) showed
the best results among all the treatments. Inoculation of F.

oxysporum (11) and control (15) resulted into the lowest
number of fruits per plant (Fig. 4c). The number of fruits in
treated plants in increasing order is as following: T2 < T1 <
T6 <T9<T5<T3<T4<T7=T8 <TIO0.

The value of RWC in the leaves of the plants was found
to be higher when treated with both antifungal compounds
along with SPT26 in presence of F. oxysporum (81.37%)
and SPT26 and F. oxysporum with treatment of compound
B (76.08%) and lowest in the control (65.02%) and F. oxy-
sporum inoculation (54.27%). The increase in the RWC in
all the treatments was observed in the following manner: T2
<T1<T4<T6<T5<T9<T3<T7<T8<TI10. Electrolyte
leakage was observed to be highest in F. oxysporum inocu-
lation (74.36%) and control (72.55%), while lowest in the
treatment of both antifungal compounds along with SPT26
even in presence of F. oxysporum (57.27%) (Fig. 4d). All
the treatments showed the changes in electrolytes leakage
in the following order: TIO<T8<T7<T6<T3<T4<T9
<T5<TI1<T2. Hence, the productivity of tomato plants
amended with F. oxysporum was found to best when treated
with SPT26 together with compounds A and B (T10) and
lowest in negative control (T2).

The phytochemical analysis of plant samples also
revealed that treatments with SPT26 along with compounds
A and B have positive impact on the tomato growth and
yield (Table 2). The chlorophyll content was observed to
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Fig. 4 Graph showing the difference among the various treatments
in the analysis of some plant growth parameters (a) root and shoot
length, (b) fresh and dry weight of plants, (¢) number of fruits and
number of branches per plant and, (d) relative water content and elec-
trolytes leakage in the leaves of the plants. The designated treatments
are: T1—Control (uninoculated), T2—F oxysporum (only fungal
inoculum), T3 —SPT26 (only bacteria), T4 —SPT26 + F. oxysporum,
T5 —compound A (pyrolnitrin)+F. oxysporum, T6—compound B

increase in the treated tomato plants with SPT26 and anti-
fungal compounds (T10) by 56.18% in comparison with
negative control (T2). Among the antifungal compounds, the
plants treated with pyrolnitrin (compound A) were found to
enhance chlorophyll content by 39.71%, while 1- hydroxy-
phenazine (compound B) treatment improved chlorophyll
content by 37.09%. Treatment with SPT26 with both anti-
fungal compounds showed the highest chlorophyll content
and lowest in negative control as compared with untreated
control. Treatment of SPT26 with inoculation of F. oxyspo-
rum and SPT26 alone was noticed to exhibit greater chloro-
phyll content than treatment of antifungal compounds. In the
treatment, compound A with SPT26 in presence of F. oxys-
porum (T7) the chlorophyll A was higher than treatment of
compound B with SPT26 and F. oxysporum (T8), whereas
chlorophyll B was higher in T8 in comparison to T7. Like-
wise, carotenoid content was also found to be significantly
increased by 83.11% in treatment with combination of com-
pounds A and B along with SPT26 in presence of F. oxys-
porum in comparison with the negative control. Application
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T2 13 T4 T5 T6

Treatments

T7

T8

d T1 T9 TI10

(1-hydroxyphenazine)+ F. oxysporum, T7—SPT26+compound A
(pyrolnitrin) + £ oxysporum, T8 — SPT26 + compound B (1-hydroxy-
phenazine) + £ oxysporum, T9—compound A (pyrolnitrin)+com-
pound B (1-hydroxyphenazine)+ F. oxysporum, T10—SPT26 +com-
pound A (pyrolnitrin)+compound B (1-hydroxyphenazine)+ F
oxysporum. Error bars represents the standard deviation (SD;x) p
value<0.5

of compound B (1- hyroxyphenazine) in plants, along with
SPT26 in presence of F. oxysporum increased carotenoid
content by 6.16% in comparison to compound A (T7). In
the case of phenolic content, the treatment with amalga-
mation of compounds A and B (T9) showed the maximum
value (3.8 and 2.5 times higher than negative control and
untreated control respectively). The treatment with SPT26
and compounds A and B showed significant enhancement of
107.74% in the proline content on comparing with negative
control. Among all the treatments given to infected plants,
the combination of both antifungal compounds with bacte-
rial inoculation (compound A+ B+ SPT26 + F. oxysporum)
showed best results. Flavonoid content was also found to
be maximum in case of plants treated with the combination
of SPT26 and both antifungal compounds and minimum in
plants treated with F. oxysporum i.e., 52.16 mg RE/g (T2)
and 25.85 mg RE/g (T10) respectively. Protein content was
found to be increased by 119.25% in the combinations of
SPT26 and both the antifungal compounds in presence
of F. oxysporum when compared with negative control.
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Table 2 Various plant biochemical parameters checked after harvesting the tomato crop (90 DAS). Data are means of five replicates with standard
deviation. Same letters in superscript denote statistically insignificant difference while treatments with different letters have significant difference
in the values (P < 0.05). The designated treatments are: T1 — control (uninoculated), T2 — F. oxysporum (only fungal inoculum), T3 — SPT26 (only
bacteria), T4 — SPT26 + F. oxysporum, TS —compound A (pyrolnitrin)+ F. oxysporum, T6- compound B (1-hydroxyphenazine) + F. oxysporum,
T7- SPT26 + compound A (pyrolnitrin) + £ oxysporum, T8- SPT26 + compound B (1-hydroxyphenazine) + F. oxysporum, T9- compound A (pyrol-
nitrin) + compound B (1-hydroxyphenazine)+ F. oxysporum, T10- SPT26 4+ compound A (pyrolnitrin) + compound B (1-hydroxyphenazine) + F.

oxysporum

Treatment Chlorophyll A Chlorophyll B Carotenoid Phenolic content Flavonoid Protein Carbohydrate  Proline
(mg/g) (mg/g) (ng/e) (mg GAE/g) content (mg  (mg/g) (mg/g) (mg/g)

RE/g)
T1 26.11+1.68% 926+0.48%" 10894021 67.90+4.97% 33124159 4239+127° 2736+0.59  0.69+0.48
b, c b, ¢ a,b a,b
T2 2123+0.88% 7.48+086% 853+0.46% 4026+847%  2585+3.60% 29.19+1.68% 22.92+0.20° 0.31+0.18
T3 3418+ 1387 1378 +1.52%9 12.26+044 97.15+7.75°  39.12+3.09  44.58+3.02° 30.60+1.83 1.27+0.18
c,de c,de b, c b,c

T4 31.47+2.04 1375+1.98 12.60+1.42 98.12+8.72°  38.74+3.72 4134+137 31.25+334 1.32+033
d,e c,d d,e b,cd, e b, c b, c b, c

T5 2925+1.73  1086+141° 9.64+083%" 113.53+10.57 31.52+1.72 3521+3.66 2937+3.46% 1.06+0.42
c,d c,d a,b a,b a, b,c

T6 2872+41.93° 10.64+2.05° 9.80+1.28%" 120.63+3.92%¢ 31.42+3.38 33.62+2.77% 3046+2.69 1.18+0.33

a,b b, ¢ a, b
T7 37.78+0.83%  14.03+0.38%¢ 13.62+0.53%1 134.96+6.96%" 45.74+5.0157 55.53+1.29%¢ 38.25+1.23%¢ 2.23+0.37¢
T8 3857+1.158 13.68+0.83 14.46+0.89%% 148.42+9.46°% 41.24+7.67%¢ 61.33+1.33%7 34.75+2.829 2.60+0.50¢
c,d

T9 33.63+1.32  11.48+1.13  11.77+0.72 15324+ 12.67°% 36.89+2.33  53.04+8.88¢ 3131+2.52 1.94+0.61
e, f b, c c,d b, c,d b, c c,d

T10 38.70+0.79% 16.14+0.79° 15.62+0.50% 152.49+0.882 52.16+17.44" 64.00+3.56' 40.16+3.79° 3.65+5.15°

Values in bold indicate the three most effective treatments

Likewise, carbohydrate content was also observed to be
risen maximum (by 75.21%) in the treatment having bac-
terial inoculation in combination with both the compounds
when compared with negative control.

The effect of compounds A and B and SPT26 on the vari-
ous biochemical parameters of tomato plants was examined
through the heat map (Fig. 5a). Form the study of heat map,
it can be clearly witnessed that plants under the stress of
fungal infection have the lowest value in all the biochemical
parameters, which support the plants to grow and survive.
While, on the other hand all the treatments comprising of
antifungal compounds and bacterial inoculation showed the
best results. It is observed from the heat map that the antifun-
gal compounds have minimum impact on the chlorophyll,
carotenoids, flavonoids, and protein but have more impact
on the phenol and proline content. Further, from the whole
study it can be concluded that the amalgamation of SPT26
and both antifungal compounds showed the best results in
physiological and biochemical parameters of the tomato
plants, which resulted in the maximum crop yield even in
presence of phytopathogen. The significant correlation was
studied with the help of Pearson correlation graph (Fig. 5b).
The graph showed that chlorophyll b and carotenoid con-
tent are less correlated with phenol content in plants. Protein
content was found to have no correlation with the number of
branches per tomato plant. Branches per plant also appeared

to have less correlation with carotenoid and phenol content.
Further, flavonoid content was found to have less correla-
tion with phenol content, and chlorophyll b was less cor-
related with fresh and dry weight of the plants. This study
denoted that treatment of antifungal compounds alone can
only protect the plant from the fungal infection but combi-
nation of the antifungal compounds with the bacterial for-
mulation enhanced the growth and yield while safeguarding
the tomato crop from the infection of F. oxysporum.

Discussion

Soil salinisation indirectly triggers several deleterious
mechanisms responsible for reduced crop productivity. Con-
tinuous increase in soil salinization due to irrigation in agri-
cultural fields with saline water is the primary reason behind
plant physiology and morphology alterations, which make
plants susceptible towards the phytopathogens (Fatima et
al. 2022). Tomato is a commercially significant vegetable
crop grown worldwide. Due to the infection of phytopatho-
gens, the crop is facing significant loss before and after har-
vesting. Under saline conditions and hot climates, disease
severity increases due to enhanced virulence of pathogens
(Pandey and Senthil-Kumar 2019). Fusarium root rot, vas-
cular wilt, and damping-off are common diseases caused
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by F. oxysporum, which are the cause of reduction in crop
yield and quality. Among different biocontrol mechanisms
of Pseudomonas species, antibiotic production, and their
role in retarding the fungal infections in the crops can be
very important (Mishra and Arora 2018). However, there is
very limited research on the role of secondary metabolites
produced by PGPR for enhancement of plant growth and
productivity under combined impact of salinity and biotic
stress.

Salt-tolerant PGPR P. aeruginosa HG28-5 was reported
to promote tomato production and fruit biomass under salt
stressed conditions by regulating osmotic and hormonal
balance with increasing photosynthetic rate and antioxidant
activity (Dong et al. 2024). Halotolerant strains Enterobac-
ter 64S1 and Pseudomonas 42P4 were found to ameliorate
the salinity stress and promoted the growth and yield of
tomato by maintaining nitrogen fixation, mineral solubili-
zation and other major processes under stressful conditions
(Pérez-Rodriguez et al. 2022). In this study, the halotolerant
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bacterium SPT26, identified as P. hunanensis, was isolated
from rhizospheric soil of tomato grown in saline soil and
was selected based on its salt tolerance (8% NaCl) and
antagonism against F. oxysporum. We aimed to explore
the antifungal metabolites produced by P. hunanensis to
control the growth of F oxysporum, causing root rot and
vascular wilt in tomatoes. Although abundant research has
been done signifying the vital role of pseudomonads in the
biocontrol of various pathogenic fungal strains causing tre-
mendous loss to crop yield (Barahona et al. 2011; Durairaj
et al. 2018; Fatima et al. 2022; Wang et al. 2021a, c), studies
regarding the biocontrol of phytopathogens in presence of
salt stress are not very common. Few studies are available in
which P. hunanensis has been documented to promote plant
growth under saline conditions and help in biodegradation
of phenolic and hydrocarbon compounds in contaminated
soil (Alali et al. 2021; Wang et al. 2021b), however, its role
as a biocontrol agent under saline conditions is not reported.
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Antifungal metabolite production from fluorescent pseu-
domonads could be an effective method for controlling and
treating infections of fungal phytopathogens under normal
and saline conditions (Arora et al. 2020; Mishra et al. 2021).
In this context, we checked the potency of halotolerant P,
hunanensis SPT26 against F. oxysporum under in vitro con-
ditions and the bacterium was found capable of inhibiting the
fungal growth. Three antifungal compounds namely pyrol-
nitrin, 1- hydroxyphenazine and pyochelin were detected to
be produced by SPT26. In previous studies, P. fluorescens
was found to promote plant growth and 2,4-Diacetylphlo-
roglucinol (DAPG) production by it inhibited the growth
of Rhizoctonia solani causing disease in common beans
(Ahmadzadeh and Tehrani 2009). In the study performed
by Karmegham et al. (2020), P. aeruginosa was reported
to produce the derivative compound of phenazine showing
antifungal activity against R. solani, Macrophomina pha-
seolina, F. oxysporum, Alternaria alternata and Sclerotium
rolfsii causing infections in soybean.

Stress conditions make the plant more susceptible towards
fungal diseases likewise, salinity induces the generation of
ROS, which impairs the defence system of plants. Antifungal
metabolites produced from microbes significantly protect
crops from numerous infectious diseases, further promoting
plant health and growth under stressed conditions (Arora et
al. 2020). In our study, pyrolnitrin, 1- hydroxyphenazine and
pyochelin produced by P. hunanensis SPT26 were found to
hamper the growth of F. oxysporum, as the biocontrol activ-
ity of all the three crude compounds was checked separately.
Results obtained from SEM revealed that pyrolnitrin (com-
pound A) and 1-hydroxyphenazine (compound B) inhibited
the fungal growth by impairing the mycelial growth of fun-
gus. Gao et al. (2018) reported that production of antifungal
compounds from Pseudomonas strain QBAS inhibited the
fungal growth by hampering the conidia germination, germ
tube elongation along with supressing the mycelial growth
of Botrytis cinerea causing grey mold disease in tomato
leaves. Antifungal activity of pyrolnitrin produced by Bur-
kholderia cepacia has been reported to be effective against
Colletotrichum sp. (Park et al. 2004), Phtytophthora cap-
sica, F. oxysporum and R. solani by retarding the growth of
fungal mycelia (Jung et al. 2018). 1-hydroxyphenazine pro-
duced by Pseudomonas chlororaphis was reported to show
antagonistic activity against Sclerotium rolfsii, causing stem
rot in peanuts (Liu et al. 2022). Pyochelin is a siderophore
reported to be produced by pseudomonads which contrib-
utes to the biocontrol of diseases by limiting the supply of
iron for pathogens. Michavila et al. (2017) reported Pseudo-
monas protegens CS1 to produce pyochelin and its inhibi-
tory effects against citrus canker in lemon.

Elevation of salt concentration in soil makes adverse
changes in the soil structure and properties, which

resultantly makes soil barren and unproductive. Salt stress
in soil has detrimental impact on the plant growth, survival,
and productivity due to changes in soil properties like,
water holding capacity, pH, EC, hydraulic properties, nutri-
ent availability, moisture content and microbial diversity
(Bidalia et al. 2019; Zhang et al. 2019; Tang et al. 2020;
Rahimi et al. 2021; Arora et al. 2024; Bharti et al. 2024).
We investigated the changes in soil properties after treat-
ments given in different combinations including SPT26, and
antifungal compounds (produced by the bacterium SPT26)
to tomato plants growing in saline soil. The investigation
confirmed that bacterial formulation (SPT26) significantly
augmented the soil quality and productivity by improving
the water holding capacity, pH, EC, total available nitro-
gen, soil available phosphorus and microbial diversity. This
could be possible due to suppression of pathogenic fungus
and improvement of microbial diversity participating in
major process in soil like, nitrogen fixation, solubilization
of essential elements and production of phytohormones and
other metabolites. Likewise, the study conducted by Tienda
et al. (2020) found that application of 2-hexyl, 5-propil res-
orcinol producing Pseudomonas chlororaphis PCL1606 in
the avocado infected with Rosellinia necatrix causing white
rot disease, inhibited the fungal growth and enhanced the
soil microbial diversity and organic matter. P. fluorescence
is reported to improve the soil bulk density, soil porosity
which make the soil favourable for bacterial population and
enhanced the bacterial cell density. Enhanced soil structure
promoted the microbial activities in the soil consequently
intensifying the soil health and fertility (Juyal et al. 2021).
Another study revealed that inoculation of Bacillus subtilis
and P. fluorescence improved the soil quality by upregu-
lating the enzymatic activities and increased the amount
of available nitrogen and ammonium in the soil (Ng et al.
2022).

Compounds A (pyrolnitrin) and B (1-hydroxyphenazine)
were further tested for pot trial experiments, as both com-
pounds showed the better biocontrol activity in comparison
with compound C (pyochelin). In the field study, various
combinations of the halotolerant strain P. hunanensis SPT26
along with pyrolnitrin and 1-hydroxyphenazine were
checked, and their effect on plant biochemical and growth
parameters was observed. Salinity affects the primary and
secondary mechanisms related to plant growth and produc-
tivity. Seed germination rate is lowered due to biotic and
abiotic stresses, which cause hyperosmotic stress and ionic
disturbances (Arora et al. 2020). Our study revealed that P
hunanensis SPT26 alone and along with antifungal metabo-
lites enhances the germination rate of tomato seeds under
saline conditions, while treatment of antifungal metabolites
alone doesn’t have much impact on the same.
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Increased salt concentration in the soil makes the nutri-
ents unavailable for plants, reducing plant growth by
decreasing the root and shoot length and impacting numer-
ous other major growth factors (Tanveer et al. 2020). In the
current study, the root and shoot length of tomato plants
grown in saline conditions and biotic stress were observed
to reduce significantly, while plant growth and yield were
found significantly improved when treated with a combi-
nation of SPT26 and the bacterial metabolites (pyrolnitrin
and 1-hydroxyphenazine). The treatment of compound B
(1-hydroxyphenazine) with SPT26 showed better root and
shoot growth in comparison with compound A (pyrolnitrin)
along with SPT26. Previous studies have also reported the
role of 1-hydroxyphenazine, phenazine-1-carboxylic acid
(PCA), pyocyanin, pyrolnitrin and other antifungal and anti-
microbial metabolites in plant growth promotion in cow pea
and pigeon pea (George et al. 2015; Jishma et al. 2021). The
antifungal compounds played notable role in plant survival
and growth, which resulted in enhancement in tomato yield
in presence of F. oxysporum under salt stress.

Salt stress is responsible for ionic and nutritional imbal-
ance, which results in the replacement of salt ions with
nutrients, adversely impacting photosynthesis in plants,
and lowering the chlorophyll content in leaves (Yang et
al. 2022). In the current study, SPT26 was observed to
promote the chlorophyll and carotenoid contents in leaves
even under saline conditions, which may be due to the
bioavailability of nutrients made possible by bioinoculant.
Various biochemical traits of plants, like carbohydrates,
protein, proline, and flavonoid contents, are affected under
saline conditions (Habibi et al. 2023; Alzahib et al. 2021,
Gharsallah et al. 2016; Botella et al. 2021). Total phenolic
content in tomato plants has been reported to increase with
increasing salt concentration to recover the oxidative dam-
age by stressful conditions (Bacha et al. 2017). Our study
found that high salt concentration in soil with inoculation
of F. oxysporum lowered the phenolic content in the plant,
making the plant vulnerable towards fusarium wilt under
salinity. On the other hand, treatment of both antifungal
metabolites showed higher phenolic content, which is the
indication of higher antioxidant activity securing the plants
from the damages caused by free radicals generated under
stressed conditions. In previous studies, reduction in carbo-
hydrate and protein content in the tomato plant surviving
under elevated salt concentration have been reported due to
nutritional imbalance caused by Na* and Cl~ ions (Habibi et
al. 2023; Alzahib et al. 2021). The present study found that
combination of salinity (abiotic) and biotic stress (F. oxy-
sporum) resulted in lowering of carbohydrate and protein
content. On the other hand, treatment of SPT26 along with
both antifungal compounds were observed to have highest
carbohydrate and protein content as SPT26 eliminated the
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nutritional imbalance, and antifungal compounds helped
the plant to fight against the infection of F. oxysporum.
Plants growing under salinity and in presence of F. oxys-
porum showed the lowest proline and flavonoid content,
which diminished the ability of the plant to cope with the
stressed conditions (Gharsallah et al. 2016; Botella et al.
2021). Correlation graph showed lower correlation of phe-
nol content with chlorophyll and carotenoid content. It has
been reported that phenol content increases with increasing
salt stress, while chlorophyll content reduces at higher salt
levels, which is due to retarded photosynthetic rate (Alzahib
et al. 2021). Phenolic content showed positive correlation
with flavonoid content as it also appeared to increase with
rising salt concentrations. Hernandez-Herrera et al. (2022)
observed the strong correlation between phenols and flavo-
noids in the tomato grown under salinity stress.

From the results, it can be concluded that the production
of metabolites from SPT26 under stressful conditions made
the plant capable of growing and resisting biotic stress by F.
oxysporum and abiotic stress due to salinity. The biodiver-
sity of microorganisms is very low in saline soil, making it
infertile and lacking organic matter. The study shows that
the strain P. hunanensis SPT26 producing pyrolnitrin, pyo-
chelin and hyroxyphenazine, inhibits F. oxysporum and dis-
eases caused by it in tomato under salt stress conditions and
improves soil and plant properties. The study also shows
that pyrolnitrin played a major role in the suppression of
root rot in plant as well as in providing nutrients available
environment to the plant.

Conclusion

Improper use of pesticides is imposing threat upon the food
security and environmental sustainability. Hence there is
an urge to replace the use of pesticides to prevent various
health and environmental hazards. Employing beneficial
microorganisms for enhancing the soil fertility and crop
protection under biotic and abiotic stress is crucial to fulfil
the upcoming demands of increasing population and ensure
food security. The present study demonstrated that second-
ary metabolites produced by P. hunanensis SPT26 can be
utilized for control of phytopathogens such as F. oxyspo-
rum. Results from study revealed that the bacterial strain
has potential to protect the tomato crop from fusarium root
rot and fusarium wilt as well as promoting the plant growth
under saline conditions. Outcome of the work signifies that
amendments of the bioformulation with the bacterial anti-
fungal metabolites such as pyrolnitrin and hyroxyphenazine
gives best results for cultivation of crops grown in soil
affected by biotic and abiotic stresses.
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