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Soil salinity limits crop productivity, and salt-tolerant plant growth-promoting bacteria (PGPB) are
promising candidates for biofertilizer development in saline soils. This study aimed to isolate
bacteria from solar salterns at two sites, Wadala (Mumbai) and Mira-Bhayandar (Mumbai
Metropolitan Region), and screen them in vitro for selected plant growth-promoting (PGP) traits.
Sampling of salt-pan sediment, salt from salt mounds and brine water yielded nine stable isolates on
high-salt Abram and Gibbons medium (AGM): Al, D, E, F and N from Wadala, and I1, 12, K and M
from Mira-Bhayandar. All nine isolates grew at every NaCl concentration tested (0-25% w/v),
although growth was visibly reduced at 25% NaCl. The isolates were screened for growth on
nitrogen-free Ashby’s agar as an indicator of putative nitrogen fixation, siderophore production on
chrome azurol S agar, ammonia production using Nessler’s reagent, and protease activity on milk
agar. Each assay was performed in duplicate at 3% (w/v) NaCl, and mean values were reported.
Eight isolates grew on nitrogen-free Ashby’s agar and were considered putative diazotrophs, while
seven produced siderophore halos of 12—-24 mm. All nine isolates produced ammonia, with corrected
absorbance values at 425 nm ranging from 1.2 to 3.1, and exhibited protease activity, with clear
zone-to-colony size (CZ/CS) ratios of 1.50-3.00. A composite score was calculated by normalising
each quantitative trait to the highest observed value and averaging the three normalised values.
Isolate F, recovered from Wadala salt-pan sediment, recorded the highest score (0.96), followed by
the next-highest score of 0.71. Its 16S rRNA gene sequence showed the closest match to
Halobacillus trueperi (98.52% sequence identity; GenBank accession PQ128859.1; strain
designation vesasc). The findings highlight the solar salterns of Wadala and Mira-Bhayandar as
sources of salt-tolerant bacteria exhibiting multiple in vitro PGP-related traits. In particular, isolate F
emerged as a promising candidate for further evaluation of its plant growth-promoting potential
under saline conditions.

Introduction

differ widely in their relationship to salt. In the scheme of
Kushner and Kamekura, reviewed by Ventosa et al.,

Soil salinity is a major abiotic constraint on crop  (1998), slight, moderate and extreme halophiles grow
productivity, particularly in arid and semi-arid regions,  optimally at roughly 0.2-0.5 M (about 1-3%), 0.5-2.5 M
and it is expanding as irrigated land degrades (Etesami  (about 3-15%) and 2.5-5.2 M (about 15-30%) NaCl,
and Glick, 2020; Ferreira et al., 2019). Microorganisms  respectively, whereas halotolerant organisms are non-
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halophiles (optimum growth below 0.2 M NacCl) that can
nevertheless tolerate high salt concentrations (Ventosa et
al., 1998). Salt tolerance is better viewed as a continuum,
because the minimum, optimum and maximum salt
concentrations for growth also depend on medium
composition and temperature (Oren, 2008). Halophilic
and salt-tolerant microorganisms occur in all three
domains of life and in habitats such as saline lakes,
salterns, saline soils and salt marshes (Oren, 2008;
Rahman et al., 2017).

Plant growth-promoting bacteria (PGPB) act on plants in
two broad ways. Directly, they help the plant to obtain
nitrogen, iron and phosphorus or alter its hormone
balance; indirectly, they suppress pathogens through
siderophores, antibiotics or lytic enzymes (Glick, 2012).
Salt-tolerant PGPB are of particular interest for
agriculture on saline soils, and isolates combining several
PGP characteristics have been recovered from the
rhizosphere of halophytes (Etesami and Beattie, 2018;
Etesami and Glick, 2020). Because PGP traits expressed
in vitro by some rhizobacteria have been reported to
decline as salinity increases (Etesami and Beattie, 2018),
salt-adapted isolates are best screened directly.

Iron is a case in point. Iron bioavailability to plants is
reduced in saline soils, so plants in arid, saline soils can
face salt stress and iron deficiency at the same time
(Ferreira et al., 2019; Sultana et al., 2021). Siderophores
are low-molecular-weight (roughly 500-1500 Da)
iron(Ill)-chelating compounds produced by bacteria,
fungi and graminaceous plants, and their biosynthesis is
regulated by iron availability (Hider and Kong, 2010).

They are classified by their iron-coordinating groups
mainly as  catecholate  (including  phenolate),
hydroxamate and carboxylate types, and mixed types are
common (Hider and Kong, 2010). By supplying iron to
plants and limiting its availability to competing microbes,
siderophore-producing salt-tolerant rhizobacteria may
help to address iron limitation in saline soils and
contribute to biocontrol (Glick, 2012; Sultana et al,
2021).

Nitrogen is another frequently limiting nutrient.
Diazotrophic bacteria reduce atmospheric N> to ammonia
using the enzyme nitrogenase, a process that is oxygen-
sensitive, energy-demanding and tightly regulated (Dixon
and Kahn, 2004); at physiological pH the product is
present mainly as ammonium, which plants can
assimilate. Nitrogen-fixing, salt-tolerant bacteria have

been reported among the PGP types isolated from saline
habitats (Etesami and Glick, 2020). Ammonia release
from organic nitrogen and extracellular protease activity
were also included in the present screen, as indicators of
organic-nitrogen mineralisation and, for proteases, of the
lytic-enzyme mechanisms associated with biocontrol
(Glick, 2012).

The objectives of this study were therefore (1) to isolate
bacteria from solar salterns at two sites, Wadala
(Mumbai) and Mira-Bhayandar (Mumbai Metropolitan
Region); (2) to determine their NaCl tolerance and to
screen them in vitro for putative nitrogen fixation,
siderophore production, ammonia production and
protease activity; and (3) to rank the isolates with a
simple scoring scheme and to identify the highest-ranked
isolate by 16S rRNA gene sequencing for further study.

Materials and Methods
Sample Collection

Salt-pan sediment, salt from salt mounds and brine water
from side channels were collected at two solar saltern
sites: (a) the Wadala salt pans (19.0195° N, 72.8777° E;
Mumbai, Maharashtra, India) and (b) the Mira-
Bhayandar salt pans (19.2924° N, 72.8112° E; Mira-
Bhayandar, Thane district, Maharashtra, India) (Fig. 1).
The sampling site and sample type of each isolate are
given in Table 1. Samples were collected in sterile 100
mL wide-mouth glass bottles and transported to the
laboratory, and the portions not processed immediately
were stored at 4 °C.

Isolation of Salt-Tolerant Bacteria

Samples were plated on Abram and Gibbons medium
(AGM; Abram and Gibbons, 1961) and on halophilic
agar medium. Both media contained a high salt
concentration (20% w/v) and were therefore selective for
halophilic and salt-tolerant organisms.

Plates were incubated at 32 °C for 10-15 days. Colonies
were purified by re-streaking on the same medium.
Colonies that failed to grow again when the experiment
was repeated were discarded, and only isolates that grew
reproducibly were retained as stable isolates. Pure
cultures were maintained on AGM slants at 4 °C and in
50% (v/v) glycerol stocks. All media, media ingredients
and reagents were procured from HiMedia Laboratories,
Mumbai, India.
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Salt tolerance

Pure cultures were spot-inoculated onto AGM
supplemented with NaCl at concentrations of 0%
(without added NaCl), 5, 10, 15, 20 and 25% (w/v) and
incubated at 32 °C for 10—15 days. Growth at the site of
inoculation was recorded visually as present or absent.
Colony size was not measured. The basal AGM contains
salts other than NaCl, which were present in the 0%
medium.

Screening for plant growth-promoting traits

All screening assays were carried out in assay media
supplemented with 3% (w/v) NaCl. Each assay was
performed in duplicate, and the results are presented as
the mean of the two trials.

Nitrogen fixation. lIsolates were spot-inoculated on
nitrogen-free Ashby’s agar and incubated at 32 °C for
10-15 days. Growth on this medium was taken as
presumptive evidence of N, fixation, and the growing
isolates are referred to as putative diazotrophs.

Siderophore production. Siderophores were detected on
chrome azurol S (CAS) agar using the universal assay of
Schwyn and Neilands (1987), in which a siderophore
removes iron from the blue CAS—Fe(Ill)—detergent
complex and produces a coloured halo around the
colony. The diameter of the coloured halo was measured
in millimetres (mm) and used as a semi-quantitative
measure of siderophore production.

Ammonia production. Isolates were grown in 2% peptone
broth and incubated at 32 °C for 7 days (Cappuccino and
Welsh, 2017). The cultures were centrifuged and the cell-
free supernatant was used for ammonia estimation. A 1.5
mL volume of the cell-free supernatant (1:2 dilution) was
mixed with 1.5 mL of Nessler’s reagent in a quartz
cuvette, and the absorbance was recorded immediately at
425 nm, within 15 s of reagent addition. Sterile,
uninoculated 2% peptone water was used as the blank. A
yellow colour indicated ammonia. The absorbance of the
diluted sample was multiplied by the dilution factor (2)
to give the corrected absorbance. Values are reported as
absorbance and were not converted to ammonia
concentration.

Protease activity. Isolates were spot-inoculated onto milk
agar and incubated at 32 °C for 48 h. A clear zone
surrounding the colony indicated casein hydrolysis

(Cappuccino and Welsh, 2017). The diameters of the
hydrolysis zone and of the corresponding colony were
measured in millimetres, and proteolytic activity was
expressed as the clear zone-to-colony size (CZ/CS) ratio,
calculated as the diameter of the hydrolysis zone divided
by the diameter of the colony.

Ranking of isolates

Isolates were ranked with a composite PGP score. Only
isolates that grew on nitrogen-free Ashby’s agar (putative
diazotrophs) were eligible for ranking. For each isolate i,
the three quantitative traits (means of the duplicate
assays) were converted to normalised scores between 0
and 1 by dividing by the highest value recorded among
the nine isolates:

Siderophore score, Si = H; / Hmax
Ammonia score, Ai = Absi / AbSmax
Protease score, Pi = Ri/ Rmax

Where H is the siderophore halo diameter (mm), 4bs is
the corrected absorbance at 425 nm and R is the CZ/CS
ratio. The maxima were Hmax = 24 mm (isolate D), Absmax
= 3.1 (isolates F and M) and Rumax = 3.00 (isolate F). An
isolate with no siderophore halo scored O for that trait.
The PGP score was the arithmetic mean of the three
normalised scores:

PGP scorei= (Si+ 4i+ Pi) /3

Equal weights were used because there is no basis for
weighting one trait above another, and the score is
intended only to prioritise isolates for further study, not
as a statistical measure. As a check on this assumption,
the ranking of the eligible isolates was recalculated for
200,000 random sets of weights (non-negative, summing
to 1, drawn uniformly) and the proportion of sets in
which each isolate ranked first was noted. The random
weights were generated from a uniform Dirichlet
distribution (Monte Carlo simulation) using Python 3
with the NumPy library (Harris et al., 2020), with a fixed
random seed (42) so that the result can be reproduced.

Identification of the highest-ranked isolate by
16S rRNA gene sequencing

A pure culture grown on an agar plate was submitted to
the National Centre for Microbial Resource (NCMR),
National Centre for Cell Science (NCCS), Pune, India,
for molecular identification. Genomic DNA was

157



Int.J.Curr.Microbiol. App.Sci (2026) 15(10): 155-164

extracted and the 16S rRNA gene was amplified using
universal bacterial primers. The amplified product was
subjected to Sanger dideoxy sequencing. The nucleotide
sequence was compared with sequences in the NCBI
database using BLASTn (Altschul et al., 1990). The 16S
rRNA gene sequence was submitted to the NCBI
GenBank database and assigned an accession number.

Results and Discussion

Isolation and Morphology

Plating of the saltern samples on AGM gave circular,
pigmented colonies, cream to yellow-orange in colour,
that were purified by re-streaking (Fig. 2). Seventeen
colonies were purified initially. Eight of them, including
isolate O, did not grow when the experiment was
repeated, and nine stable isolates were retained for all
further assays: five from Wadala (A1, D, E, F and N) and
four from Mira-Bhayandar (I1, 12, K and M) (Table 1).
The isolates came from all three sample types: brine
water (A1, K and M), salt-pan sediment (D, E and F) and
salt from salt mounds (I1, I2 and N). The use of media
with high salt favours organisms from the upper end of
the salt-tolerance range, which is consistent with the
hypersaline nature of saltern habitats (Oren, 2008).

Salt tolerance

All nine isolates grew at every NaCl concentration tested,
from 0 to 25% w/v (Fig. 2). Growth at 25% NaCl (about
4.3 M) was visibly weaker than at lower concentrations,
with smaller and thinner colonies, but colony size was
not measured, so this reduction is described qualitatively.
Growth in the absence of added NaCl, together with
growth at 25% NaCl, shows that the isolates tolerate a
very wide range of salinity, and they are therefore
described here as salt-tolerant. A formal classification as
halotolerant (non-halophilic organisms with an optimum
below 0.2 M NaCl; Ventosa et al., 1998) or as halophilic
would require the NaCl optimum of each isolate, which
was not determined. In addition, the 0% plates still
contained the other salts of the basal medium, which may
support the growth of moderate halophiles.

Nitrogen fixation
Eight of the nine isolates grew on nitrogen-free Ashby’s

agar (Fig. 3), although growth was sparse; isolate K did
not grow. These eight isolates are considered putative

diazotrophs. Growth on nitrogen-free medium is only
presumptive evidence of nitrogen fixation and should be
confirmed by an acetylene reduction assay (Hardy et al.,
1968) or by detection of nifH. Nitrogen-fixing, salt-
tolerant bacteria are of interest for nitrogen-poor saline
soils (Etesami and Glick, 2020).

Siderophore Production

Seven isolates produced halos on CAS agar (Fig. 4,
Table 2). The halo ranged from 12 mm (E) to 24 mm (D),
and isolates K and N produced no halo. Isolate F gave the
second-largest halo (21 mm), after isolate D (24 mm).
Siderophore-producing salt-tolerant rhizobacteria can
continue to produce siderophores under saline conditions,
as shown for a Bacillus strain at 200 mM NaCl (Sultana
et al., 2021). Because iron availability is reduced in
saline soils (Ferreira et al., 2019), siderophore producers
such as D and F are of particular interest. The
siderophore type was not determined, and the assay was
performed at a single salinity (3% NaCl), so production
at higher salinities remains to be shown for these isolates.

Ammonia production

All nine isolates produced ammonia, as shown by a
yellow colour after the addition of Nessler’s reagent. The
corrected absorbance ranged from 1.2 (I2) to 3.1 (F and
M) (Table 3). F and M gave identical values (1.55 before
correction), so this assay does not separate them, and the
values should be regarded as semi-quantitative. At
physiological pH, ammonia is present mainly as
ammonium, a form that plants can assimilate. Ammonia
production in peptone broth indicates deamination of
organic nitrogen under laboratory conditions, and its
relevance in soil has still to be tested.

Protease activity

All nine isolates exhibited proteolytic activity, as
evidenced by the formation of clear hydrolysis zones
around the colonies on milk agar, indicating extracellular
hydrolysis of casein (Table 4). The diameter of the
hydrolysis zones ranged from 11 to 27 mm, and the
colony diameter ranged from 6 to 9 mm. The CZ/CS
ratios ranged from 1.50 to 3.00. Isolate F showed the
highest proteolytic activity (hydrolysis zone, 27 mm;
colony, 9 mm; CZ/CS, 3.00), followed by isolates N
(2.88) and I2 (2.75). The remaining six isolates had
CZ/CS ratios of 1.50—1.83.
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Table.1 Sampling sites, sample types and the isolates obtained from each

|
 Wadala | Saltpansediment | D

Salt-pan sediment

Mira-Bhayandar

Mira-Bhayandar Salt from salt mound

Table.2 Siderophore production by the isolates on CAS agar (mean of two trials)

Isolate Siderophore halo zone (mm
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Table.5 Summary of the in vitro plant growth-promoting traits and composite PGP score of the isolates
(means of two trials; +, positive; —, negative; T, not eligible for ranking because the isolate did not grow on

nitrogen-free medium)

Isolate N: fixation Siderophore Ammonia (corrected Protease (CZ/CS PGP score
(growth) halo (mm) absorbance) ratio)

Al 3 17 2.6 1.71 0.71
D +F 24 1.5 1.57 0.67
E +F 12 2.1 1.63 0.57
F < 21 3.1 3.00 0.96
11 < 16 2.4 1.50 0.65
2 +F 14 1.2 2.75 0.63
K — 0 2.9 1.83 (0.52)
M < 13 3.1 1.50 0.68
N < 0 2.7 2.88 0.61

Table.6 Normalised trait scores used to calculate the PGP score (S = halo/24 mm; A = corrected
absorbance/3.1; P = CZ/CS ratio/3.00; T, not eligible for ranking)

Isolate Siderophore score (S) Ammonia score (4) Protease score (P) PGP score = (S + A4 + P)/3
Al 0.708 0.839 0.570 0.71
D 1.000 0.484 0.523 0.67
E 0.500 0.677 0.543 0.57
F 0.875 1.000 1.000 0.96
I 0.667 0.774 0.500 0.65
12 0.583 0.387 0.917 0.63
K 0.000 0.935 0.610 (0.52)F
M 0.542 1.000 0.500 0.68
N 0.000 0.871 0.960 0.61

Rai rod

Googlé

0g) T Ao

e

| Mumbai, Maharashtra, India
i 2V9H+5CC, Mumbai, Maharashtra 400)
i Lat 19.019543°
|| Long 72.877667°

19/04/22 02:13 PM

a

Mira Bhayandar, MH, India
Uttan, Mira Bhayandar, 400068,
Lat 19.292414, Long 72.811213
04/21/2022 06:00 PM

Figure.1 Sample collection at the Wadala and Mira-Bhayandar solar salterns, Maharashtra, India.

Mira Bhayandar, MH, India
Uttan, Mira Bhayandar, 400068,
Lat 19.292404, Long 72.811447

04/21/2022 2 PM

(a) Salt-pan sediment from
Wadala salt pans

(b) Salt sample from salt mounds
of Mira-Bhayandar salt pans

(¢) Side-channel brine water sample
from Mira-Bhayandar salt pans
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Figure.2 Salt tolerance of the isolates. Growth of the isolates spot-inoculated on AGM containing 0, 5, 10,
15, 20 and 25% (w/v) NaCl. Growth was visibly reduced at 25% NaCl. Isolate O, which grew in the initial
isolation but failed to grow on repeated culture, shows no growth and was excluded from all further analyses.

15% NaCl 20% NaCl

Figure.3 Growth of the isolates on nitrogen- | Figure.4 Siderophore production on CAS agar.
free Ashby’s agar. Isolate K showed no Halos are visible around isolates A1, D, E, F, I1,
growth. 12 and M; isolates K and N produced none.
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Because the ratio depends on colony size as well as zone
size, the raw diameters are given in Table 4. Protease
activity shows the capacity to hydrolyse casein. A role in
organic-nitrogen turnover, or in the lytic-enzyme
mechanisms associated with biocontrol (Glick, 2012), is
possible but was not tested here. Activity was assessed at
a single salinity (3% NacCl).

Selection of the highest-ranked isolate

Isolates were ranked as described in Materials and
Methods (Tables 5 and 6). Isolate K was not eligible
because it did not grow on nitrogen-free medium.
Among the eight eligible isolates, isolate F had the
highest PGP score (0.96), followed by Al (0.71), M
(0.68) and D (0.67). For isolate F, for example, S =
21/24 = 0.875, 4 = 3.1/3.1 = 1.000 and P = 3.00/3.00 =
1.000, so the PGP score is (0.875 + 1.000 + 1.000)/3 =
0.958. F had the highest protease CZ/CS ratio (3.00),
shared the highest corrected ammonia absorbance with
M (3.1), and had the second-largest siderophore halo (21
mm, after 24 mm for isolate D). Isolate D, which had the
largest halo, scored lower overall because its normalised
ammonia (0.48) and protease (0.52) scores were low.
Isolate F ranked first in 96% of the 200,000 random
weightings; D ranked first in the remaining 4%,
essentially only when most of the weight was placed on
siderophore production (a siderophore weight of about
0.8 or more). Isolate F was therefore chosen as the
highest-ranked isolate for further study. This ranking
rests on duplicate, semi-quantitative data obtained at a
single salinity (3% NaCl) and on the choice of traits, so
it should be read as a screening result rather than as
proof of superior plant-growth-promoting ability.

Identification of isolate F

The partial 16S rRNA gene sequence (1285 bp) of
isolate F, obtained from salt-pan sediment at Wadala
(Table 1), showed highest similarity to members of the
genus Halobacillus. BLASTn analysis gave the closest
match to Halobacillus trueperi (98.52% identity and
98% query coverage with H. trueperi strain SR-1,
GenBank accession PZ221691.1). This identity is close
to, but slightly below, the 98.65% 16S rRNA gene
similarity commonly used as a threshold for separating
species (Kim et al., 2014), and the comparison was made
with a non-type strain. The assignment of isolate F to H.
trueperi is therefore provisional, and it should be
confirmed by comparison with the type strain and by
phylogenetic analysis. The sequence was deposited in
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GenBank as H. trueperi strain vesasc under accession
number PQ128859.1 (public since August 2024), and on
this provisional basis the isolate is referred to here as H.
trueperi strain vesasc.

Halobacillus trueperi was originally described from
hypersaline sediment of the Great Salt Lake as a
moderately halophilic, Gram-positive, motile, spore-
forming, strictly aerobic rod (Spring et al., 1996), and a
growth range of 0.5-30% NaCl with an optimum of
about 10% has been tabulated for the species (Ventosa et
al., 1998). Isolate F is therefore likely to be better
described as halophilic than as a true halotolerant
organism, although it grew on AGM without added
NaCl. Its NaCl requirement and optimum were not
determined here, and “salt-tolerant” is used in this paper
as a descriptive term only.

Future Prospects

Nine salt-tolerant bacterial isolates were obtained from
brine water, salt-pan sediment and salt collected from
salt mounds at two solar saltern sites, Wadala (five
isolates) and Mira-Bhayandar (four isolates). All nine
isolates showed growth on AGM containing 0-25%
NaCl, although visibly reduced growth was observed at
25% NaCl. In vitro screening performed in duplicate at
3% NaCl indicated that eight isolates were putative
diazotrophs, seven produced siderophores with halo
diameters of 12-24 mm, and all nine produced ammonia
and protease. Based on a composite score integrating
siderophore production, ammonia production, and
protease activity, isolate F, obtained from Wadala salt-
pan sediment, showed the highest overall score (0.96).
Based on 16S rRNA gene sequence analysis, isolate F
showed the closest match to Halobacillus trueperi
(98.52% sequence identity; GenBank accession
PQ128859.1; strain designation vesasc).

The study demonstrates the occurrence of salt-tolerant
bacteria exhibiting multiple plant growth-promoting
attributes in the saline environments of the Wadala and
Mira-Bhayandar solar salterns. The ability of these
isolates to grow across a broad range of NaCl
concentrations, together with their production of
siderophores, ammonia, and protease, highlights their
potential as promising microbial resources for saline and
salt-affected environments. In particular, the overall
performance of isolate F identifies it as a promising
candidate for further investigation of its plant growth-
promoting potential under saline conditions.
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The present findings provide a valuable foundation for
further characterization and application-oriented studies.
Future work may focus on evaluating the plant growth-
promoting traits of the selected isolates across different
salinity levels, assessing nitrogen-fixation potential
through acetylene reduction assays and/or nifH gene
detection, and conducting plant inoculation experiments
under saline stress to determine their effectiveness in
promoting plant growth. Overall, this study highlights
solar salterns as valuable sources of salt-tolerant bacteria
with diverse functional attributes and points towards
their potential application as microbial resources for
supporting plant growth and productivity under saline
conditions.
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