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Abstract

Microbes from hypersaline environments are useful in biotechnology as sources of novel enzymes and proteins. The current
study aimed to characterize halophilic bacteria from the rhizosphere of halophytes (Salsola stocksii and Atriplex amnicola), non-
rhizospheric, and brine lake-bank soils collected from Khewra Salt Mine and screening of these bacterial strains for industrially
important enzymes. A total of 45 bacterial isolates from the rhizosphere of Salsola, 38 isolates from Atriplex, 24 isolates from
non-rhizospheric, and 25 isolates from lake-bank soils were identified by using 16S rRNA gene analysis. Phylogenetic analysis
showed that bacterial strains belonging to Bacillus, Halobacillus, and Kocuria were dominant in the rhizosphere of halophytes
(Salsola and Atriplex), and Halobacillus and Halomonas were dominating genera from non-rhizospheric and lake-bank soils.
Mostly identified strains were moderately halophilic bacteria with optimum growth at 1.5-3.0 M salt concentrations. Most of the
bacterial exhibited lipase, protease, cellulase, amylase, gelatinase, and catalase activities. Halophilic and halotolerant Bacilli
(AT2RP4, HL1RS13, NRS4HaP9, and LK3HaP7) identified in this study showed optimum lipase, protease, cellulase, and
amylase activities at 1.0—1.5 M NaCl concentration, pH 7-8, and temperature 37 °C. These results indicated that halophilic
and halotolerant bacteria can be used for bioconversion of organic compounds to useful products under extreme conditions.
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Introduction and endosphere or histoplane (root interior), and each of these

compartments was found to harbor a distinct microbiome. The

The rhizosphere is considered one of the most diverse micro-
bial habitats with respect to species richness and community
size [1]. The plant root is divided into three compartments, the
rhizosphere (soil close to the root surface), rhizoplane (root),
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rhizosphere of halophytes (Suaeda fruticosa, Kochia indica,
Atriplex amnicola, and Salsola stocksii) harbors a variety of
microorganisms (microbiome) that have the ability to promote
plant growth by increasing the availability and uptake of car-
bon, nitrogen, and minerals from the soil [2, 3]. These micro-
organisms provide protection against plant pathogens and
contribute significantly to the well-being and salinity toler-
ance of halophytes [4].

Halophiles provide a potential source of novel enzymes
that function under salt stress conditions, such as lipases pro-
teases, amylases, gelatinases, and xylanases with
polyextremophilic properties [5]. Halophilic enzymes are ca-
pable of functioning under high salt concentrations, wide
range of temperatures, and pH at which other proteins dena-
ture. Certain enzymes that halophiles synthesize are useful for
bioremediation of pollutants in saline habitats [6] or are im-
portant biomolecules, for example exopolysaccharides and
phytohormones [7]. The halophilic enzymes have also been
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used in many industries including pharmaceutical, textile, de-
tergent, baking, paper, and pulp industries [8]. A number of
halotolerant and halophilic bacteria and archaea such as
Bacillus, Halobacillus, Halomonas, Salinibacter,
Haloarcula, and Haloferax have been explored for their abil-
ity to hydrolyze enzymes like protease, amylase, and lipase
[9]. Halophilic enzymes are also considered as important
biocatalysts under low water conditions, such as hypersaline
environments and non-aqueous media [10].

In Pakistan, Khewra Salt Mine provides a rich and exten-
sive habitat for halophytes and halophilic microorganisms.
The halophytes (S. fruticosa, K. indica, A. amnicola, and
S. stocksii) growing here are not only producers of medicinal
compounds that can be used to cure diseases such as cough,
flu, and cold but also used as a food source [11]. Atriplex and
Salsola are important biomass producers in barren lands of
this area [12]. The present work endeavors to identify and
characterize halophilic and halotolerant bacterial diversity iso-
lated from the rhizosphere of halophytes (S. stocksii and
A. amnicola), non-rhizosphere, and brine lake-bank soil sam-
ples collected from Khewra Salt Mines, Pakistan, and screen-
ing of industrially important enzymes (proteases, amylases,
lipases, cellulases, gelatinase, and catalases) produced by
these organisms. Here, we also determined the effect of salt
concentration, pH, and temperature on lipase, protease, amy-
lase, and cellulase activities of halophilic strains.

Material and methods
Soil and root samples collection

Khewra Salt Mine is the world’s second largest salt mine,
located near Pind Dadan Khan Tehsil of Jhelum District,
Punjab, Pakistan. Based on its origin, Khewra Salt Mine like
other hypersaline bodies is classified as thalassic because it is
derived from evaporation of sea water [13]. It has Na* and CI™
dominating ions, and the pH is near neutral to slightly alkaline.
Geographically, it is located about 32° 38" North latitude,
73°10" East longitude and an elevation of 313-360 above
the sea level about 200 km from Islamabad (Fig. S1). We
surveyed an area approximately 1.12 km from the Khewra
Salt Mines. The sampling area was selected according to land
use and vegetation cover. Vegetation of this area is classified
as sub-tropical dry evergreen forest. Rhizospheric soil samples
were collected by gently removing the plants and obtaining
the soil attached to the roots. For non-rhizospheric saline soil
samples, the upper 8-10 cm of mineral soil was collected.
Brine lake-bank soil samples were collected from the bank
of a salt lake. At each site, soil samples of approximately
500 g each from four different locations were collected in
black sterile polythene bags. These samples were stored at
4 °C for further analysis.
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Soil physicochemical parameters

Each soil sample (300 g) was thoroughly mixed and sieved
through a pore size of 2 mm. Physical properties (pH, mois-
ture content, salinity, and temperature) of the soil samples
from different plants and non-rhizospheric soils samples were
determined. Moisture (%), temperature, and texture class were
measured by the Anderson method [14]; pH was measured by
1:2.5 (w/v) soil to water mixture; and electrical conductivity
(dS/m) was measured by 1:1 (w/v) soil to water mixture at
25 °C [15]. Organic matter (C,,,) was calculated by the
Walkley-Black method [16]. Cation exchange capacity
(CECQ) is the capacity to retain and release cations (Ca2+,
Mg**, K*, and Na*) and sodium adsorption ratio (SAR) is
the measure of the sodicity of the soil which is calculated as
the ratio of the sodium to the magnesium and calcium.

Isolation of culturable halophilic bacteria

Halophilic medium (HaP) (tryptone 5 g/l, yeast extract
1 g/l, NaCl 88 g/, 5 g/l KCI, 10 g/l MgSOy, 2 g/l
K,HPO,, and pH 7.2) was used for the isolation and pu-
rification of bacteria present in saline environments [17].
Rhizosphere was fractionated into rhizosphere fraction
(RS), rhizoplane fraction (RP), and root endosphere or
histoplane bacterial fraction (HP) according to the method
described by Malik et al. [18]. RS fraction indicates the
soil adhering with the roots; RP fraction is the root sur-
face; and HP is the interior of the roots. In the case of RS,
the soil was mixed thoroughly, sieved, and then 1-g rep-
resentative soil sample was taken. Bacterial fraction from
RP was isolated by shifting 1 g of washed root to a falcon
tube containing 9 ml saline along with some pebbles and
incubated in a shaker for 30 min. For the isolation of HP,
bacterium roots were sealed at both ends with wax after
washing with water. Sealed roots were surface-sterilized
by using 10% bleach for 10 min. After sterilization,
waxed ends of the roots were removed and roots were
macerated by using FastPrep® instrument (MP
Biomedicals). The soil from each non-rhizospheric and
lake-bank soils was mixed thoroughly, sieved, and then
1-g representative soil sample was taken. Serial dilutions
(10'-10'%) were made for all samples [19]. The dilu-
tions from 107> to 107 were inoculated on HaP plates
for counting colony-forming units (CFU) per gram of
dry weight. Plates were incubated at 37 °C until the ap-
pearance of bacterial colonies. Bacterial colonies were
counted and the number of bacteria per gram sample
was calculated. The bacteria were purified by repeated
sub-culturing of single colonies. Single colonies were se-
lected, grown in HaP broth, and stored in 33% glycerol at
— 80 °C for subsequent characterization.
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Screening of the isolated bacterial strains with respect
to their salt, pH, and temperature tolerance ability

Bacterial isolates were grown in the presence of different salt
concentrations (1.5-4.5 M NaCl), pH ranges of 4-12, and tem-
perature ranges of 4-42 °C by using HaP broth medium.
Isolates were cultured in 250 ml flasks at 37 °C with continuous
rotatory agitation at 150 rpm for 72 h. During incubation, bac-
terial growth in terms of optical density (OD 600) was mea-
sured after different time intervals (3, 6, 12, 24, 48, and 72 h).

Molecular characterization and phylogenetic analysis

Genomic DNA was isolated by CTAB method [20]. PCR am-
plifications of 16S rRNA were performed by using universal
forward and reverse primers P1 (5'-GAGAGTTTGATCCT
GGTCAGAACGAAC-3') and P6 (5-CGTACGGCTACCTT
GTTACGACTTCACC-3') for prokaryotes [21]. A PCR reac-
tion of 50 ul was prepared by using Taq polymerase (5 U)
0.5 ul, Taq buffer (10x) 2 ul, MgCI2 (25 mM) 2.5 ul,
dNTPS (2.5 mM) 2 pl, 2 ul each of forward and reverse primers
(10 pmol), 36 ul of dd.H,0, and 3 ul of template DNA. First
denaturation step was at 95 °C for 5 min followed by 35 cycles
0of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 2 min, and a
final extension step was at 72 °C for 10 min as described by Tan
et al. [21]. PCR products were analyzed by using 1% agarose
gel. PCR products were purified by using GeneJET PCR
Purification Kit (K0702 - Thermo Fisher Scientific). Purified
PCR products were sequenced by using forward and reverse
primers (Eurofins, Germany).

Acquired sequences were assembled and analyzed with the
help of Chromus Lite 2.01 sequence analysis software
(Technelysium Pty Ltd., Australia). The gene sequences were
compared to those deposited in the GenBank nucleotide data-
base using the NCBI BLAST program. Sequences were
aligned using Clustal X 2.1 program, and phylogenetic tree
was constructed using neighbor-joining method [22].
Bootstrap confidence analysis was performed on 1000 repli-
cates to determine the reliability of the distance tree topologies
obtained [23]. The evolutionary distances were computed
using the Maximum Composite Likelihood method [24] and
are in the units of number of base substitutions per site. All
positions containing gaps and missing data were eliminated
from the dataset (complete deletion option). Phylogenetic
analyses were conducted in MEGA7 [25]. There were a total
of 1457 positions in the final dataset. Bacterial sequences were
deposited in the GenBank database under the accession num-
bers of LT221118-LT221260.

Calculation of diversity indices

An operational taxonomic unit (OTU) was defined as a
16S ribosomal DNA (rDNA) sequence group in which

sequences differed by less than 3%. Phylotype richness
(S) was calculated as the total number of OTUs.
Shannon and Simpson indices are diversity-measuring pa-
rameters which are commonly used to characterize species
diversity in a community. Shannon index shows the uni-
formity of species and its abundance in OTUs while
Simpson index is used to measure the number of species
present in a community as well as the relative abundance
of each species [26].

Enzyme assays for bacterial isolates

Protease activity was tested on the medium described by
Kumar et al. [27]. Amylase and cellulose activities were iden-
tified by using 2% iodine solution and spotting single colony
of the bacterial strains on CMC (carboxymethyl cellulose 1%)
agar plates, respectively [28]. Catalase was identified by using
H,0, and pure culture colonies from agar plates [29]. Lipase
activity was tested by using HaP medium with 1% butyrin and
Tween 80 hydrolysis assay as described by Sierra [30]. Test
for gelatin hydrolysis was performed by using the method
described by Pitt and Dey [31]. Urea hydrolysis test was per-
formed by using Christensen’s method [32]. The clear zones
around the bacterial colonies after 4-12 days of incubation at
37 °C were considered as a positive result of protease, cellu-
lase, and lipase activities.

Determination of optimal salt concentration, pH
and temperature for enzymes activities

Four bacterial strains, two from rhizospheric soils (HLIRS13
and AT2RP4), one from non-rhizospheric soil of halophytes
(NRS4HaP9), and one from lake-bank soils (LK3HaP7), were
selected for determination of enzymes’ activity at salt concen-
trations 0-2.5 M NaCl, pH 6-11, and temperature 445 °C.
The optimal NaCl concentrations, pH, and temperature for
each of the enzyme’s activity were determined by using stan-
dard protocols as described above. The effect of pH and tem-
perature on enzymes’ activity was determined by using opti-
mal NaCl concentration. Buffer solutions including Tris-HCI
buffer (pH 8), phosphate buffer (pH 7), and citrate-phosphate
buffer (pH 5 and 6) were used in this study.

Statistical analysis

One-way ANOVA was applied to analyze microbial diversity
differences among rhizospheric and non-rhizospheric soil
samples, and significance at the 5% level was tested by the
least significance difference test (LSDT) by using STATISTIX
software (8.2 version).
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Results

Physical and chemical properties of saline soil
samples

Rhizospheric and non-rhizospheric soils were characterized by a
great spatial variability and covered a significant variation in soil
pH, salinity, organic matter, texture class, CEC, and SAR. Non-
rhizospheric soils were more alkaline in nature as compared to
rthizospheric soils with soil pH S. stocksii (8.21), A. amnicola
(7.62), non-rhizospheric soils (8.25), and lake-bank soils (8.54).
Electrical conductivity (dS/m) of the soil samples ranged from
5.67 to 6.55 dS/m, with the highest values in lake-bank soils and
the lowest in rhizospheric soils of A. amnicola; soil temperature
ranged from 21.02 to 25.23 °C and moisture contents from 24.11
to 36.12% (Table 1). The total organic matter content ranged
from 29.23 to 36.27 g/Kg with the highest values in soil samples
of S. stocksii and the lowest in brine lake-bank soils. CEC (cation
exchange capacity) values ranged from 67.55 to 72.42 mg/dm’
and SAR (sodium adsorption ratio) values from 10.78 to 14.45
with the highest values in non-rhizospheric soils and the lowest
values in brine lake-bank soils.

Quantification of bacterial populations

Halophilic bacteria were found to be abundant in the rhizo-
sphere and roots of halophytes (S. stocksii and A. amnicola),
non-rhizospheric, and brine lake-bank soils. The values of
CFU (colony-forming unit) ranged from 32 x 10° to 66 x 10°
with the highest number of bacteria isolated from non-

rhizospheric soils and the lowest from the endosphere of
S. stocksii (Fig. S2 and Table S1). The maximum number of
bacterial isolates was obtained from the rhizosphere of
A. amnicola (18 isolates) and minimum number of bacteria
identified from brine lake-bank soils (13 isolates).
Micrococcus, Enterobacter, Bacillus, Pseudomonas, and
Aeromonas were common genera in all Salsola and Awriplex
plants. Micrococcus and Bacillus were common genera in all
non-rhizospheric and brine lake-bank soils (Fig. S2 and
Table S1). At each site, certain bacterial species prevailed
better than others.

Phenotypic characterization of bacterial isolates

From the rhizosphere of Salsola and Atriplex plants, non-
rhizospheric and lake soils, most of the strains could deter
up to 3.0 M NaCl while some could grow up to the range of
4 M NaCl (Figs. 1 and 2). Growth of most of the strains was
quite better at 1.5 M NaCl and generally growth decreased
with the increase in salt concentration. Isolates from the rhi-
zosphere of Atriplex plant samples and non-rhizospheric soil
samples showed better growth at high salt concentrations
(3.0-4 M NacCl) as compare to isolates obtained from the
rhizosphere of Salsola plant samples and lake soil samples
(Fig. 1a). On the basis of salt tolerance, 52% bacterial strains
were halotolerant, 40% were moderately halophilic, and 8%
were extremely halophilic from the rhizosphere of Salsola
plants; 53% isolates were halotolerant, 34% were moderately
halophilic, and 13% were extremely halophilic from the rhi-
zosphere of Atriplex plants; 46% isolates were halotolerant,

Table 1 Physicochemical

properties of rhizospheric and Parameters S. stocksii A. amnicola Non-rhizospheric Brine lake-bank
non-rhizospheric soil samples of saline soil samples soil samples
halophytes (S. stocksii and
A. amnicola) and brine lake-bank ~ pH 8.21% 7.62° 8.25% 8.54°
soil samples EC,.; (dS/m) 6.14% 567 5.99% 6.55°
Moisture (%) 27.31% 24.11° 27.12° 36.12%
Temperature (°C) 25.23° 22.15° 24.21% 21.02%
Texture class Silty loam Sandy loam Sandy loam Sandy loam
OM (g Kg ™" 36.27° 31.95% 30.65° 29.23%
P (mg kg ") 3.89% 3217 3.85% 3.48%
K (mg kg ") 0.76" 0.58° 0.65° 0.49°
Ca(mg kg™ 1.72° 1.68° 1.41° 1.38*
Mg (mg kg ™) 1.48° 1.05° 1.56° 1.19°
NO ™ (mg kg ™") 12.95° 13.54° 10217 10.67*
H+ Al (mg kg™ 67.35° 59.15° 60.02° 64.97°
V (mg kg ) 4.13° 3.87° 4.18° 3.76°
CEC (mg dm™) 71.49° 67.55° 69.76%° 72.42°
SAR 13.14% 12.15% 14.45° 10.78*

EC, electrical conductivity; OM, organic matter; P, phosphorous; K, potassium; Ca, calcium; Mg, magnesium;
NO | nitrate ion; H+ Al, potential acidity; V, base saturation index; CEC, cation exchange capacity; SAR, sodium
adsorption ratio. Letters represent statistically significant values at 5% level
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37% were moderately halophilic, and 17% were extremely
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extremely halophilic from lake-bank soils (Fig. 1b).
Maximum bacterial growth was observed at pH 6, pH 8, and
pH 10 as compared to pH 4 and pH 12 (Fig. 2b). More than
90% of the isolates were able to grow at 28 °C and 37 °C from
all the rhizospheric and non-rhizospheric soils. Some bacterial
strains could tolerate 4 °C and some could grow well even at
42 °C (Fig. 2a).

Phylogenetic analysis of halophilic bacteria based
on 16S rRNA gene sequences

On the basis of phenotypic characterization, 45 strains were
selected from the rhizosphere, rhizoplane, and endosphere of
Salsola plant samples for 16S rRNA gene analysis. These
isolates were represented by four phyla with the majority
(48.89%) of the isolates belonging to the phylum Firmicutes.
Bacterial isolates from Salsola plant samples were assigned to
19 genera. Members of the bacterial genera, Bacillus
(28.89%), Pseudomonas (11.11%), Kocuria (6.67%), and
Klebsiella (6.67%) represented 53.34% of all the isolates from
Salsola plant samples (Table S2 and S3; Fig. 3a). From the
rhizosphere, rhizoplane, and endosphere of Atriplex plant
samples, 38 halophilic bacterial strains were represented by
four bacterial phyla: Firmicutes (42.11%), Proteobacteria
(42.11%), Actinobacteria (13.15%), and Bacteroidetes
(2.63%). Bacterial isolates from Atriplex plant samples were
assigned to 18 genera. About 18.42% bacterial isolates were
identified as different species of the genus Bacillus, 13.16%
isolates were related to Pseudomonas, and 7.89% were related
to Kocuria (Table S2 and S4; Fig. 3b). The total 24 bacterial
isolates from non-rhizospheric saline soil samples were
grouped into four phyla: Firmicutes (44%), Proteobacteria
(36%), Actinobacteria (16%), and Bacteroidetes (4%) and
17 bacterial genera. Members of the bacterial genera
Staphylococcus (12%), Halomonas (12%), Bacillus (8%),
Oceanobacillus (8%), Halobacillus (8%), and Streptomyces
(8%) represented 56% of all the isolates from non-
rhizospheric saline soil samples (Table S2 and S5; Fig. 3c).
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Fig. 2 Phenotypic characterization of halophilic bacterial isolates from the rhizosphere of Salsola and Atriplex, non-rhizospheric, and lake soil samples.
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Fig. 3 Phylogenetic tree based on partial 16S rRNA gene sequences of
halophilic bacterial isolates from the rhizosphere of Salsola (a), Atriplex
(b), non-rhizospheric soil samples (c), and brine lake-bank soil samples

The phylogenetic analysis showed that isolates from lake-
bank soils could be grouped into four phyla: Firmicutes
(51.85%), Proteobacteria (37.04%), Actinobacteria (3.7%),
and Bacteroidetes (7.41%). Bacillus and Staphylococcus were
the major bacterial genera, comprising 14.82% and 11.11% of
the total population, respectively (Table S2 and S6; Fig. 3d).

Calculation of diversity indices

Phylotype richness (S), Shannon diversity index (H), evenness
(Ey), and Simpson index (D) were calculated. Phylotype rich-
ness (S) of the bacterial communities from the rhizosphere of
S. stocksii and A. amnicola was calculated as 32 and 30 and for
non-rhizospheric and lake-bank soils calculated as 24 and 23,
respectively (Table 2). Shannon diversity index (H) was 3.22
and 3.15 for bacterial communities from the rhizosphere of
S. stocksii and A. amnicola and was 2.97 and 2.95 for non-
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(d). The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) is shown next
to the branches

rhizospheric and lake-bank soils, respectively. Evenness (E};)
was maximum (0.91) in case of bacterial communities from
non-rhizospheric soils. Simpson index (D) was 0.941 and
0.829 for bacterial communities from the rhizosphere of
S. stocksii and A. amnicola, respectively. Simpson index (D)
of the bacterial communities from non-rhizospheric and lake-
bank soils was calculated as 0.912 and 0.821, respectively
(Table 2). Shannon indices confirmed that microbial communi-
ty from the rhizosphere of S. stocksii and A. amnicola had more
diversity as compared to non-rhizospheric and lake-bank soils.

Screening of hydrolytic enzymes

Halophilic bacterial strains with salt tolerance more than
2.5 M NaCl were selected for enzyme screening (protease,
amylase, lipase, cellulase, urease, gelatinase, and catalases).
In the case of enzyme profile, maximum strains showed
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Fig. 3 (continued)

catalase, lipase, and protease activities from all rhizospheric
and non-rhizospheric soils. Out of the 45 strains identified
from the rhizosphere of S. stocksii, more than 50% showed
positive results for catalase, protease, gelatinase, and lipase
activities (Table 3 and Fig. 4). About 84% strains showed
gelatinase activity, 76% strains showed catalase activity,
74% strains showed lipase activity, and 47% strains showed
positive results for proteolytic and amylase activities from the
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rhizosphere of A. amnicola (Table 3 and Fig. 4). More than
60% of bacterial strains from non-rhizospheric soils showed
positive results for protease, lipase, gelatinase, and catalase.
From brine lake-bank soils, most of the strains showed cata-
lase, gelatinase, and lipase activities (Table 3 and Fig. 4).
Mostly Bacillus, Halobacillus, Oceanobacillus,
Virgibacillus, and Kocuria strains had the ability to degrade
proteins, carbohydrates, and lipids.

Table 2 Phylotype richness, diversity indices, and evenness in microbial communities from the rhizosphere of S. stocksii and A. amnicola, non-

rhizospheric soil samples, and brine lake-bank soil samples

Soil sample Total number Phylotype Shannon—Wiener Evenness® (Ey) Simpson
of OTUs richness (S) index® (H) index® (D)

S. stocksii rhizosphere 47 32 322 0.86 0.941

A. amnicola thizosphere 42 30 3.15 0.75 0.829

Non-rhizospheric soil samples 27 24 297 091 0912

Brine lake-bank soil samples 27 23 2.95 0.85 0.821

# Shannon—Wiener index was calculated as H = — SUM[(pi) x In(pi)] where pi is the frequency of the species

® Evenness was calculated as H, o = In(S)

¢ Simpson index (D) was calculated as D= Y(n / N)* where n = the total number of organisms of a particular species and N = the total number of
organisms of all species. The value of Simpson index ranges between 0 and 1
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Table 3 Enzyme profile of halotolerant and halophilic bacterial isolates

Soil samples Abundance n (%) Enzymatic activity n (%)

Protease Lipase Cellulase Amylase Urease Gelatinase Catalase
S. stocksii 45 (34) 24 (53) 31(68) 18 (40) 15(33) 13 (29) 26 (58) 34 (75)
A. amnicola 38 (29) 18 (47) 28 (74) 16 (42) 18 (47) 9 (24) 32 (84) 29 (76)
Non-rhizospheric saline soils 24 (18) 18 (75) 15 (62) 14 (58) 937 5(20) 18 (75) 20 (83)
Lake-bank soils 25 (19) 9(36) 15 (60) 13 (52) 7 (28) 8(32) 21 (84) 19 (76)

Effect of salt, pH, and temperature on lipase activity
of bacterial strains

Four bacterial strains AT2RP4 (Bacillus halodurans),
HL1RS13 (Bacillus licheniformis), NRS4HaP9
(Halobacillus trueperi), and LK3HaP7 (Oceanobacillus
iheyensis) that showed better results as compared to others
on plate assay were selected to study the effect of NaCl con-
centrations, pH, and temperature on lipase activity. The en-
zyme activity was quantified by using HaP medium with 0—
2.5 M NaCl and 1% Tween 80. AT1RP7 and NRS4HaP9
showed halophilic lipase activity with maximum value of
2045 and 3456 U/mg at 1.5 M NaCl while HL1RS13 and
LK3HaP7 showed halotolerant activity with maximum en-
zyme production (3512 and 3162 U/mg) at 1 M NaCl

Fig. 4 Enzyme assays for
halophilic bacterial isolates.
Protease (a), lipase (b), amylase
(¢), and cellulase (d)

(Fig. 5a). All the strains showed maximum lipase activity at
pH 8 and temperature 37 °C (Fig. 5b, c¢).

Effect of salt, pH, and temperature on protease
activity of bacterial strains

Bacterial strains AT2RP4, NRS4HaP9, and LK3HaP7
showed maximum protease activity 3045, 2956, and
2662 U/mg, respectively, at 1.5 M NaCl while HL1RS13
showed maximum enzyme activity 3023 U/mg at 1 M NaCl
(Fig. 6a). Bacterial strains AT2RP4 and HL1RS13 isolated
from rhizosphere of halophytes showed maximum protease
activity at pH 7 while NRS4HaP9 and LK3HaP7 isolated
from non-rhizospheric soils showed maximum activity at pH

V o~ AL2RPdmg \
/ NRS4HaP9 y.
y LK3HaP7

HL1RS13
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Fig. 5 Effect of salt, pH, and temperature on lipase activity of halophilic
strains AT2RP4, HL1RS13, NRS4HaP9, and LK3HaP7. Specific lipase
activity (U/mg) was plotted against different concentrations of NaCl (0—
2.5 M) (a), pH 6-11 (b), and temperature 4-45 °C (c¢). For each strains,
the data represent an average of three independent experiments with
standard error

8 (Fig. 6b). All the strains showed maximum protease activity
at 37 °C (Fig. 6¢).

Effect of salt, pH, and temperature on amylase
activity of bacterial strains

To study the effect of NaCl, pH, and temperature on amylase
activity of bacterial strains, quantitative amylase assay was
carried by using starch as substrate and supernatant as enzyme
source. Bacterial strains AT2RP4, NRS4HaP9, and LK3HaP7
showed maximum amylase activity 3104, 1976, and 2878 U/
mg, respectively at 1.5 M NaCl while HL1RS13 showed max-
imum protease activity 3311 U/mg at 1 M NaCl (Fig. 7a). All
the strains showed maximum lipase activity at pH 8 (Fig. 7b).
Bacterial strains AT2RP4, NRS4HaP9, and LK3HaP7

Q
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Fig. 6 Effect of salt, pH, and temperature on protease activity of
halophilic strains AT2RP4, HL1RS13, NRS4HaP9, and LK3HaP7.
Specific protease activity (U/mg) was plotted against different
concentrations of NaCl (0-2.5 M) (a), pH 6-11 (b), and temperature 4—
45 °C (c). For each strains, the data represent an average of three
independent experiments with standard error

showed maximum protease activity at 37 °C while
HL1RS13 showed maximum protease activity at 30 °C
(Fig. 7¢).

Effect of salt, pH, and temperature on cellulase
activity of bacterial strains

The maximum cellulase activity of halophilic bacterial strains
HL1RS13, NRS4HaP9, and LK3HaP7 at 1.5 M NaCl was
2712, 3331, and 2202 U/mg, respectively. Bacterial strain
AT2RP4 showed maximum cellulase activity 3251 U/mg at
1 M NaCl (Fig. 8a). All the strains showed maximum cellulase
activity at pH 8 (Fig. 8b). Bacterial strains AT2RP4,
NRS4HaP9, and LK3HaP7 showed maximum cellulase activ-
ity at 37 °C while HL1RS13 showed maximum cellulase ac-
tivity at 30 °C (Fig. 8c).
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Fig. 7 Effect of salt, pH, and temperature on amylase activity of
halophilic strains AT2RP4, HL1RS13, NRS4HaP9 and LK3HaP7.
Specific amylase activity (U/mg) was plotted against different
concentrations of NaCl (0-2.5 M) (a), pH 611 (b), and temperature 4—
45 °C (c¢). For each strains, the data represent an average of three
independent experiments with standard error

Discussion

In the recent years, saline soils received a great attention due to
the shortage of arable land and increasing demand of restora-
tions of areas affected by secondary salinity [33]. Soil
microbiome in salt-affected lands and halophyte microbiome
have a great biotechnological potential that can be used to in
some kind of restoration or conservation techniques of saline
environments [34, 35]. In the present study, identification of
halophilic and halotolerant bacterial diversity from the rhizo-
sphere of halophytes (S. stocksii and A. amnicola), non-
rhizospheric, and brine lake-bank soils was carried out.
Here, we also described the screening and characterization
of extracellular hydrolytic enzymes produced by these
bacteria.
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Fig. 8 Effect of salt, pH, and temperature on cellulase activity of
halophilic strains AT2RP4, HL1RS13, NRS4HaP9, and LK3HaP7.
Specific cellulase activity (U/mg) was plotted against different
concentrations of NaCl (0-2.5 M) (a), pH 611 (b), and temperature 4—
45 °C (c¢). For each strains, the data represent an average of three
independent experiments with standard error

Various environmental factors such as soil salinity, pH,
moisture, temperature, and stage of development of host plant
influence the bacterial community of the plant [36]. It was
observed that bacterial population density from different sa-
line environments (rhizosphere of halophytes, non-rhizo-
sphere, and lake-bank soil samples) showed similar pattern.
Most of the strains were moderately halophiles but some were
characterized as extremely halophilic bacteria. Moderately
halophilic microorganisms form phylogenetically and ecolog-
ically very diverse group that includes a great variety of
halotolerant and halophilic microorganisms.

Maximum bacterial strains were able to grow at pH range
of 4-10 from all the soil samples. More than 90% of bacterial
isolates grew well at 25 to 40 °C but some could also grow at
4 °C and 42 °C. Previous studies also reported that moderately
halophiles and mesophiles are more abundant as compare to
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extremely halophilic and thermophilic bacteria in different
soils [34, 37].

Bacterial strains belonging to the genus Bacillus were the
most abundant in the rhizosphere of halophytes (Salsola and
Atriplex) and non-rhizospheric soils. Bacillus-like halophilic
bacteria have been previously isolated from various environ-
ments like deep-sea hypersaline sediments and saline soils
[38, 39]. They have high agricultural, industrial, medical,
and biotechnological importance [7, 40]. Halophilic Bacillus
strains have a wide range of applications in bioenzyme pro-
duction, biodefense, biofuel production, and bioremediation
of organic toxic compounds [41, 42]. Members of the genus
Staphylococcus (S. equorum, S. haemolyticus, and
S. saprophyticus) were identified from the rhizosphere of
Salsola and Atriplex and lake-bank soils. They are moderately
halophilic strains and play an important role in plant growth
and biodegradation of hemicelluloses and lipases [43, 44].
Bacterial isolates related to Kocuria and Streptomyces were
identified from the rhizosphere of halophytes as well as from
the non-rhizospheric soils. These bacteria have plant growth
abilities like phosphate solubilization and can be used as
biofertilizers [45, 46]. Polaribacter strains identified in this
study are polar marine bacteria having gas vacuoles. It can
grow from 5 to 25% NaCl concentrations. It was first isolated
from sea ice and water from the Arctic regions [47].

Bacillus, Halobacillus, Virgibacillus, and Oceanobacillus
are a good source of halophilic and thermophilic enzymes
such as lipases, proteases, amylases, cellulases, gelatinases,
and catalases [41, 48]. Halophilic and halotolerant Bacilli
(AT2RP4, HL1RS13, NRS4HaP9, and LK3HaP7) identified
in this study showed optimum lipase activity at 1 M NaCl
concentration, pH 8, and 37 °C (Fig. 5). Previous studies also
reported that moderate halophilic bacteria isolated from a var-
ious hypersaline environments showed lipase activity at a
wide range of salt, pH, and temperature [49]. The optimum
salt concentration, pH, and temperature for protease activity of
halophilic Bacillus strains (AT2RP4, NRS4HaP9, and
LK3HaP7) were 1.5 M NaCl, pH 7-8, and 37 °C (Fig. 6).
Protease-producing alkaliphilic and halophilic bacteria such
as Halobacillus karajensis and Halomonas meridiana have
been previously isolated marine environments and food
sources such as fish sauce [43, 50]. Like protease, maximum
amylase activity of Bacillus strains (AT2RP4, NRS4HaP9,
and LK3HaP7) was also observed in the presence of 1.5 M
NaCl, pH 7-8, and 37 °C (Fig. 7). Halophilic Bacillus strains
have ability to utilize starch [51]. Halophilic bacterial strains
related to Halobacillus and Oceanobacillus are known to be a
good source of oc-amylases [52]. Cellulase activity of bacterial
strains HLIRS13, AT2RP4, NRS4HaP9, and LK3HaP7 was
found to be stable in the presence of 0.5-2.5 M NaCl at pH 8
and 37 °C (Fig. 8). Halophilic cellulases have been produced
by different lignocellulose-hydrolyzing bacteria such as
Bacillus, Halobacillus, Salibacillus, and Halomonas [53].

Conclusion

To best of our knowledge, the present study is the first report
about screening and characterization of hydrolytic enzymes
from halophilic and halotolerant bacteria isolated the rhizo-
sphere and non-rhizospheric soils of halophytes (S. stocksii
and A. amnicola). Bacillus, Halobacillus, and Kocuria were
the dominating genera from the rhizosphere of Salsola and
Atriplex, and Staphylococcus, Halobacillus, and Halomonas
were the dominating genera from the non-rhizospheric soils.
Mostly, bacterial strains showed positive activity for hydrolyt-
ic enzymes like lipase, protease, amylase, catalase, gelatinase,
and cellulase. Halophilic and halotolerant bacteria identified
in this study have the ability to produce a number of hydrolytic
enzymes under extreme conditions of salinity, pH, and tem-
perature. The cost-effective production of extracellular en-
zymes by halophilic and halotolerant bacterial strains identi-
fied from rhizospheric and non-rhizospheric soils of halo-
phytes from Khewra Salt Mine have great biotechnological
potential and can be used in various industries such as phar-
maceutical, agriculture, detergent, paper, and pulp industries.
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