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Diversity of Bacillus-like bacterial community in
the rhizospheric and non-rhizospheric soil of halophytes
(Salsola stocksii and Atriplex amnicola), and characterization of
osmoregulatory genes in halophilic Bacilli
Salma Mukhtar, Samina Mehnaz, Muhammad Sajjad Mirza, Babur Saeed Mirza,
and Kauser Abdulla Malik

Abstract: Salinity is one of the major abiotic stresses; a total of 3% of the world’s land mass is affected by salinity.
Approximately 6.3 million hectares of land in Pakistan is affected by salinity to varying degrees, and most of the
areas are arid to semiarid with low annual precipitation. The aim of the present study is to identify and charac-
terize Bacillus and Bacillus-derived bacterial genera from the rhizospheric and non-rhizospheric soil samples from
the Khewra Salt Mine, Pakistan, by using culture-independent and -dependent methods. Seven Bacillus-like bacte-
rial genera, Bacillus, Halobacillus, Virgibacillus, Brevibacillus, Paenibacillus, Tumebacillus, and Lysinibacillus, were detected
by using pyrosequencing analysis, whereas only four genera, Bacillus, Halobacillus, Oceanobacillus, and Virgibacillus,
were identified by culture-dependent methods. Most of the Bacillus-like isolates identified in this study were
moderately halophilic, alkaliphilic, and mesophilic bacteria and were considered a good source of hydrolytic
enzymes because of their ability to degrade proteins, carbohydrates, and lipids. Eight Bacillus-like strains from the
genera Bacillus, Halobacillus, Oceanobacillus, and Virgibacillus showed positive results for the presence of ectABC gene
cluster (ectoine), six strains could synthesize betaine from choline, and six strains tested positive for the synthesis
of proline from either glutamate or ornithine by using proline dehydrogenase enzyme.

Key words: halophilic Bacilli, pyrosequencing, osmoregulatory genes, Salsola stocksii, Atriplex amnicola.

Résumé : La salinité est un des principaux stress abiotiques, 3 % de la masse continentale au total étant affectée
par la salinité. Approximativement 6,3 millions d’hectares de terre au Pakistan sont affectés par la salinité à divers
degrés et la plupart des régions sont arides ou semi-arides, les précipitations annuelles étant faibles. L’objectif de
cette étude était d’identifier et caractériser Bacillus et les genres bactériens de type Bacillus d’échantillons de sol de
la rhizosphère et hors rhizosphère de la mine de sel de Khewra, Pakistan, à l’aide de méthodes dépendantes ou
indépendantes de la culture. Sept genres bactériens de type Bacillus, Bacillus, Halobacillus, Virgibacillus, Brevibacillus,
Paenibacillus, Tumebacillus et Lysinibacillus ont été détectés par le pyroséquençage alors que quatre genres seulement,
Bacillus, Halobacillus, Oceanobacillus et Virgibacillus ont été identifiés par des méthodes dépendantes de la culture. La
plupart des isolats de type Bacillus identifiés dans cette étude étaient des bactéries modérément halophiles,
alcalinophiles et mésophiles et étaient considérés comme une bonne source d’enzymes hydrolytiques à cause de
leur capacité à dégrader les protéines, les sucres et les lipides. Huit souches de type Bacillus des genres Bacillus,
Halobacillus, Oceanobacillus et Virgibacillus comportaient la grappe génique ectABC (ectoïne), six souches pouvaient
synthétiser la bétaïne à partir de la choline et six souches pouvaient synthétiser la proline à partir du glutamate
ou de l’ornithine en utilisant une proline déshydrogénase. [Traduit par la Rédaction]

Mots-clés : Bacillus halophiles, pyroséquençage, gène d’osmorégulation, Salsola stocksii, Atriplex amnicola.

Received 5 September 2017. Revision received 27 February 2018. Accepted 19 April 2018.

S. Mukhtar. Department of Biological Sciences, Forman Christian College (A Chartered University), Ferozepur Road, Lahore 54600,
Pakistan; Molecular, Cell & Developmental Biology, UCLA, 621 Charles Young Drive South, Los Angeles, CA 90095-1606, USA.
S. Mehnaz and K.A. Malik. Department of Biological Sciences, Forman Christian College (A Chartered University), Ferozepur Road,
Lahore 54600, Pakistan.
M.S. Mirza. Environmental Biotechnology Division, National Institute for Biotechnology and Genetic Engineering (NIBGE), Jhang
Road, Faisalabad, Pakistan.
B.S. Mirza. Missouri State University, 901 S. National Avenue, Springfield, MO 65897, USA.
Corresponding author: Kauser Abdulla Malik (email: kausermalik@fccollege.edu.pk).
Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from RightsLink.

567

Can. J. Microbiol. 64: 567–579 (2018) dx.doi.org/10.1139/cjm-2017-0544 Published at www.nrcresearchpress.com/cjm on 27 April 2018.

C
an

. J
. M

ic
ro

bi
ol

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Fo
rm

an
 C

hr
is

tia
n 

C
ol

le
ge

 (
PE

R
I)

 o
n 

07
/3

1/
18

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

mailto:kausermalik@fccollege.edu.pk
http://www.nrcresearchpress.com/page/authors/services/reprints
http://dx.doi.org/10.1139/cjm-2017-0544


Introduction
High concentrations of salts in the soil change the

availability of water and nutrients for both plants and
their associated microorganisms, which, directly or indi-
rectly, influences soil stability and organic matter (Mavi
et al. 2012). Salinity also affects microbial diversity,
which plays a role in maintaining soil structure and bio-
geochemical cycles (Tripathi et al. 2006). The rich micro-
bial diversity of halophyte rhizospheres helps these
plants cope with high salinity and also tolerate drought
(Berendsen et al. 2012). Rhizobacteria promote plant
growth by increasing the availability and uptake of car-
bon, nitrogen, and minerals from the soil (Dodd and
Pérez-Alfocea 2012); provide protection against plant
pathogens; and contribute significantly to the well-being
and salinity tolerance of halophytes (Bulgarelli et al.
2012).

The physiology of the moderate and extreme halophilic
bacteria is affected by changes in the salt concentration,
growth temperature, pH, and nature of available nutri-
ents (Amoozegar et al. 2016). Moderate halophilic bacte-
ria can grow at 0.85–3.4 mol/L NaCl concentrations (Oren
2012; DasSarma and DasSarma 2015). In saline environ-
ments, members of the phylum Firmicutes, e.g., Bacillus,
Virgibacillus, Halobacillus, Oceanobacillus, Paenibacillus, and
Brevibacillus, have been found to be more abundant than
other bacteria (Liszka et al. 2012). Halophilic Bacilli have a
wide range of applications in bioenzyme production,
biodefense, biofuel production, and bioremediation of
organic toxic compounds (Lundberg et al. 2012; Liu et al.
2017). These Bacilli are a good source of novel enzymes
that function under salt-stress conditions, such as pro-
teases, xylanases, cellulases, and amylases with polyex-
tremophilic properties (Taprig et al. 2013). Proteases,
amylases, and lipases have extensive applications in
the pharmaceutical, food, textile, and paper industries
(Abel-Nabey and Farag 2016). Cellulose, lipid, and pectin
degradation by Bacilli strains produce different organic
compounds like methanol, which are used as a carbon
source by other bacteria (Porwal et al. 2008; Knief et al.
2012).

Moderate halophilic bacteria use a “compatible sol-
ute” strategy to cope with their external environments
by accumulating small, highly water-soluble organic
compounds, such as glycine betaine, proline, glutamine,
ectoine, potassium, and glutamic acid (Moghaddam et al.
2016; Nath 2016). Ectoine, a cyclic tetrahydropyrimidine,
is used as an osmolyte in halotolerant and halophilic
bacteria. The biosynthesis and regulation of ectoine has
been studied in a large number of halophilic bacteria,
especially with detail in Halomonas and Oceanobacillus
(Schubert et al. 2007; Tanimura et al. 2016). Betaine is a
natural compound having a negatively charged ion car-

boxylate group and a positively charged phosphonium
ion or ammonium ion. Different halophilic bacteria such
as Halomonas, Virgibacillus, Oceanobacillus, and Kocuria can
synthesize betaine from glycine (Ates et al. 2011; Ying
et al. 2016). A large number of halophilic bacteria, e.g.,
Bacillus, Streptococcus, and Escherichia coli, have the ability
to use some amino acids as osmolytes that accumulate in
high levels in response to salt and drought stress (Collins
and Deming 2013).

Khewra Salt Mine is the world second largest salt
mine, located near Pind Dadan Khan Tehsil of Jhelum
District, Punjab, Pakistan (32°38=N, 73°10=E). Based on its
origin, Khewra Salt Mine like other hypersaline bodies is
classified as thalassic because it is derived from evapora-
tion of sea water (Ahmad et al. 2007). It has Na+ and Cl–

dominating ions and the pH is near neutral to slightly
alkaline. Plants like Suaeda, Salsola, Atriplex, and Justica
are the dominant genera found here. Few studies have
been conducted on the microbial diversity in the rhizo-
sphere of halophytes from the Khewra Salt Mine. In this
study, we discuss the diversity of the Bacillus-like bacte-
rial community in rhizospheric and non-rhizospheric
soil of halophytes (Salsola stocksii and Atriplex amnicola)
and hypersaline lake-bank soil samples by 454 pyro-
sequencing and culture-dependent methods. We also
characterized Bacillus-like strains phenotypically on the
basis of salt, pH, and temperature tolerance and on ex-
tracellular enzymes. Halophilic bacteria can tolerate
more salinity than halophytes can because of their inter-
nal osmotic balance. So, the main focus of this study was
to identify and characterize osmoregulatory genes for
glycine betaine, ectoine, and proline from halophilic
Bacilli strains isolated from the rhizosphere and non-
rhizospheric soils of halophytes. Osmoregulatory genes
identified in this study can be used to develop transgenic
salt-tolerant crops.

Materials and methods

Sample collection
We surveyed an area approximately 1.1 km from the

Khewra Salt Mines (Table S11; Fig. S11). Rhizospheric soil
samples were collected by gently uprooting the plants
and collecting the soil adhering to roots. For non-
rhizospheric saline soil samples, the upper 8–10 cm of
mineral soil was collected. Hypersaline lake soil samples
were collected from the bank of a salt lake. At each site,
soil samples with approximately 500 g and four repli-
cates each from four spatially separated plants were col-
lected in black sterile polythene bags. These samples
were stored at 4 °C for further analysis.

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjm-
2017-0544.
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Soil physicochemical parameters
Each soil sample (300 g) was thoroughly mixed and

sieved through an aperture size of 2 mm. Physical prop-
erties (pH, moisture content, salinity, and temperature)
of soil samples from the rhizosphere of a variety of
plants and non-rhizospheric regions were determined.
Moisture (%), temperature, and texture class were mea-
sured by the Anderson method (Anderson and Ingram
1993); pH was measured by 1:2.5 (m/v) soil to water mix-
ture; and electrical conductivity (dS/m) was measured by
1:1 (m/v) soil to water mixture at 25 °C (Adviento-Borbe
et al. 2006). Organic matter (Corg) was determined by the
Walkley-Black method (1934). Cation exchange capacity
(CEC) is the capacity to retain and release cations (Ca2+,
Mg2+, K+, and Na+) and sodium adsorption ratio (SAR) is
the measure of the sodicity of soil, which is calculated as
the ratio of the sodium to the magnesium and calcium.

Diversity analysis of Bacillus-like bacterial community
from the rhizosphere of S. stocksii by 16S rRNA based
pyrosequencing

Metagenomic DNA was extracted from 1 g of soil using
a FastPrep® instrument (MP Biomedicals, USA) accord-
ing to the manufacturer’s instructions. The concentra-
tion of metagenomic DNA was qualitatively determined
on 0.8% (m/v) agarose gel and quantified using Nanodrop
(NanoDrop 200c Thermo Scientific, USA). In total, 16 DNA
samples (eight rhizospheric, four non-rhizospheric sa-
line, and four hypersaline lake-bank soil samples) were
sequenced through high-throughput sequencing.

The V3–V4 region of 16S rRNA gene was amplified us-
ing primers F515 (5=-GTGCCAGCMGCCGCGG-3=) and
R907 (5=-CCGTCAATTCMTTTRAGTTT-3=), which were
linked with unique identifier and adopter sequences
(Table S21). The detailed PCR conditions for amplicon
sequencing were the same as described previously (Mirza
et al. 2014). Briefly, a 50 �L PCR amplification reaction
contained 1× buffer, 0.2 �mol/L (each) primers,
1.8 mmol/L MgCl2, 200 �mol/L deoxynucleoside triphos-
phates (dNTPs), 20 ng of template, and 1 �L of FastStart
high-fidelity PCR system enzyme (Roche Applied Sci-
ences). The PCR conditions were 3 min at 95 °C, followed
by 30 cycles of denaturation at 94 °C for 45 s, primer
annealing at 54 °C for 45 s, extension at 72 °C for 1 min,
and final extension for 7 min. Amplified PCR products
were purified with Agencourt AMPure beads (Beckman
Coulter, Brea, California, USA). Purified PCR products
from different samples were pooled in equimolar con-
centrations. Pyrosequencing was performed on the mix-
ture with the 454 GS FLX sequencer (454 Life Sciences) at
the Utah State University Center for Integrated Biosys-
tems.

Sequence data analysis
Sequences were processed and sorted using the de-

fault parameters in QIIME 1.3 (Caporaso et al. 2010). An
offset of 10 nucleotides was set to remove the first 10 bases
of each sequence, and high-quality sequences with

an average length of 375 bases were selected. High-
quality sequences were clustered into operational taxo-
nomic units (OTUs) with a 3% difference using UCLUST.
For the identification of chimeric sequences, Chimera
Slayer software was used (DeSantis et al. 2006). The
cleaned sequences were analyzed using RDP Classifier
(Wang et al. 2007) with a 97% confidence threshold. All
Bacillus-related sequences (852 from S. stocksii, 1163 from
A. amnicola, 1098 from non-rhizospheric saline soil sam-
ples, and 575 from hypersaline lake-bank soil samples)
and 18 pure culture isolates of Bacillus, Halobacillus,
Virgibacillus, and Oceanobacillus were aligned using MUSCLE
(Edgar 2004) and clustered in OTUs at 97% DNA identity.
Phylogenetic community similarity was calculated by
constructing a neighbor-joining tree using MEGA7 (Kumar
et al. 2016).

Isolation of Bacillus-related strains from the rhizosphere
and non-rhizospheric soil of halophytes (S. stocksii and
A. amnicola) and hypersaline lake-bank soil samples

Halophilic medium (HaP) (5 g/L tryptone, 1 g/L yeast
extract, 117 g/L NaCl, 5 g/L KCl, 10 g/L MgSO4, 2 g/L
K2HPO4, and pH 7.2) was used for the isolation and puri-
fication of bacteria in saline environments (Schneegurt
2012). Rhizosphere (RS) indicates the soil adhering to the
roots. For isolations of Bacillus-like bacterial isolates from
the rhizosphere of halophytes, non-rhizospheric, and hy-
persaline lake-bank soil samples, the soil was mixed
thoroughly, sieved, and then 10 g of it was suspended in
saline solution (1% NaCl), followed by stirring for 30 min
(Malik et al. 1997). Serial dilutions (10−1–10−10) were made
for all samples (Somasegaran and Hoben 1994). Dilutions
from 10−3 to 10−6 were inoculated onto HaP plates for
determining the colony-forming units (CFU) per gram of
dry mass. Plates were incubated at 37 °C until the appear-
ance of bacterial colonies, after which they were counted
and CFU was calculated. The bacteria were purified by
repeated subculturing of single colonies. Single colonies
selected were grown in HaP broth and stored in 33%
glycerol at –80 °C for further characterization.

Morphological and biochemical characterization of
Bacillus-related strains

For morphological characterization, colony morphol-
ogy (color, shape, elevation, size, and margin) and cell
morphology (shape, size, motility, and Gram-staining)
were studied. Halophilic bacterial strains were biochem-
ically characterized to detect different enzymes (�-
galactosidase, arginine deaminase, lysine decarboxylase,
tryptophan deaminase, gelatinase, catalase, and oxidase)
and carbon sources (glucose, sucrose, mannitol, maltose,
arabinose, lactose, and sorbitol) utilization by using QTS
24 strips (DESTO Laboratories, Karachi, Pakistan).

Molecular characterization of Bacillus-related strains
Genomic DNA was isolated by the CTAB (cetyltrimeth-

ylammonium bromide) method (Winnepenninckx et al.
1993). PCR amplification of 16S rRNA was performed by
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using the universal forward and reverse primers P1
(5=-GAGAGTTTGATCCTGGTCAGAACGAAC-3=) and P6
(5=-CGTACGGCTACCTTGTTACGACTTCACC-3=) for pro-
karyotes (Tan et al. 1997). A PCR reaction of 50 �L was
prepared by using 0.5 �L of Taq DNA polymerase (5 U),
2 �L of 10× Taq buffer, 2.5 �L of 25 mmol/L MgCl2mol/L),
2 �L of dNTPs (2.5 mmol/L), 2 �L each of forward and
reverse primer (10 pmol), 36 �L of double-distilled H2O,
and 3 �L of template DNA. The PCR conditions were as
follows: initial denaturation at 95 °C for 5 min, followed
by 35 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C
for 2 min, with a final extension at 72 °C for 10 min, as
described by Tan et al. (1997). PCR products were ana-
lyzed by using 1% agarose gel. PCR products were purified
by using a 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 Chromas Lite 2.01 sequence analysis
software (Technelysium Pty Ltd., Australia). The gene se-
quences were compared with those deposited in the
GenBank nucleotide database using the NCBI BLAST pro-
gram. Sequences were aligned using the Clustal X 2.1
program, and a phylogenetic tree was constructed using
the Neighbor-joining method (Saitou and Nei 1987). Boot-
strap confidence analysis was performed on 1000 repli-
cates to determine the reliability of the distance tree
topologies obtained (Varian 2005). The evolutionary dis-
tances were computed using the Neighbor-joining
method (Tamura et al. 2004) and units are presented as
the 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 using MEGA7 (Kumar et al.
2016). There were a total of 1457 positions in the final
dataset. The 16S rRNA gene sequence from Micrococcus
luteus was used as an outgroup.

Screening of Bacillus-related strains with respect to their
salt, pH, and temperature tolerance ability

Bacterial isolates were grown in the presence of vari-
ous salt, pH, and temperature conditions by using HaP
broth medium. The salt concentrations tested were 1.5–
4.5 mol/L NaCl, pH ranged from 4 to 12, and temperature
was between 4 and 42 °C. Isolates were cultured in
250 mL flasks at 37 °C with continuous rotatory agitation
at 150 r/min for 72 h (Jadhav et al. 2010). During incuba-
tion, bacterial growth was measured at an optical density
of 600 nm after different time intervals (3, 6, 12, 24, 48,
and 72 h).

Enzyme assays for Bacillus-related strains
Protease activity was tested on the medium described

by Kumar et al. (2009). Amylase and cellulose activities
were identified by using 2% iodine solution and spotting
a single colony of each bacterial strain on CMC (carboxy-
methyl cellulose 1%) agar plates (Gupta et al. 2012). Cata-

lase was identified by using H2O2 and pure culture colo-
nies from agar plates (MacFadden 1980). Lipase activity
was tested by using Luria–Bertani medium with 1% bu-
tyrin and Tween 80 hydrolysis assay, as described by
Sierra (1957). Oxidase activity was tested by using cyto-
chrome oxidase test strips (MacFadden 1980). The clear
zones around the bacterial colonies after 4–12 days of
incubation at 37 °C were considered as a positive result of
protease, cellulase, and lipase activities.

PCR amplification of osmoregulatory genes
Genes for compatible solutes like ectoine, glycine be-

taine, and proline have been characterized in this study.
For amplification of ectABC gene cluster from different
halophilic Bacillus strains, primer pair EO1 and EO2
(Rajan et al. 2008) was used, and a reaction mixture of
25 �L containing 12 ng of template DNA, 2.5 �L of 10× Taq
polymerase buffer (Fermentas), 0.5 �L of 10 mmol/L
dNTPs (Fermentas), 2 �L of 25 mmol/L MgCl2 (Fermentas),
0.5 �mol/L (each) primers, and 0.2 units of Taq DNA polym-
erase (Fermentas) was prepared in a 0.5 mL thin-walled
PCR tube. Amplification was performed in a Nyx Technik
Amplitronyx Series 4 (ATC201) Thermal Cycler with the
following conditions: initial denaturation at 95 °C for
5 min, followed by 35 repeated cycles of 94 °C for 1 min,
50 °C for 50 s, and 72 °C for 2 min, and final extension at
72 °C for 10 min. For PCR amplification of the betA gene,
the primer pair bAF and bAR was used (Rajan et al. 2010).
The proDH gene for proline dehydrogenase has been am-
plified by using the primer pair PDHPF and PDHPR
(Mohammadi and Ominidia 2012). The PCR profile for the
betA and proDH genes was same as that for the ectABC
gene cluster. Amplified PCR products were run on aga-
rose gel and purified by using a PCR purification kit
(Fermentas) according to the standard protocol recom-
mended by the manufacturer. Purified PCR products
were sequenced commercially (Eurofins MWG Operon,
Huntsville, Alabama, USA) by using forward and reverse
primers.

Phylogenetic analysis of Bacillus-related strains on the
basis of osmoregulatory genes

Eight different Bacillus-related strains were phylo-
genetically analyzed on the basis of the ectABC gene clus-
ter by using the same procedure as that for the 16S rRNA
gene sequences. Six Bacillus-related strains were phylo-
genetically analyzed on the basis of the betA gene
sequence and six Bacillus-related strains were phylo-
genetically analyzed on the basis of the proDH gene se-
quence. Sequences of the ectABC gene cluster and the betA
gene from Halomonas elongata were used as outgroups in
the phylogenetic tree based on the ectABC gene cluster
and the betA gene, respectively. The sequence of the
proDH gene from Pseudomonas entomophila was used as an
outgroup in the phylogenetic tree based on the proDH
gene.
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Statistical analyses
One-way ANOVA (Analysis of variance (ANOVA)) was

applied to analyze the differences in physical and chemical
properties among rhizospheric and non-rhizospheric soil
samples and significance at the 5% level was tested
by least significance difference test using STATISTIX
software (8.2 version). A nonmetric multidimensional
scaling plot was used to show overall patterns of Bacillus-
related bacterial diversity in different soil samples by
using PAST 3.12 (Hammer et al. 2001).

Nucleotide sequence accession numbers
Bacillus-related 16S rRNA sequences identified through

pyrosequencing from the rhizosphere and non-
rhizospheric soil samples of halophytes have been
submitted in the NCBI Sequence Read Archive under ID
project PRJNA309754. Sequences for the 16S rRNA gene
from pure culture Bacillus-related isolates from the rhizo-
sphere and non-rhizospheric soil samples of halophytes
were deposited to NCBI GenBank under the accession
Nos. LT221128 (HL1HP4), LT635432 (HL1HP11), LT221134
(HL2HP6), LT221138 (HL2RP7), LT635433 (HL2RP13),
LT221136 (HL2RP14), LT221155 (HL3HP16), LT221158
(HL4HP3), LT221159 (HL4RP4), LT635434 (HL4HP15),
LT221174 (AT2RP3), LT221177 (AT2RP4), LT221187
(AT3HP4), LT221188 (AT3HP15), LT221228 (NRS5HaP2),
LT221232 (NRS5HaP13), LT221242 (LK2HaP12), and
LT221248 (LK3HaP7). Sequences of the ectABC gene clus-
ter have been deposited to NCBI GenBank under the ac-
cession Nos. LT883370–LT883377, sequences of the betA
gene were deposited under the accession Nos. LT883378–
LT883383, and sequences of the proDH gene have been
deposited under the accession Nos. LT883384–LT883389.

Results

Soil physicochemical analysis
Rhizospheric and non-rhizospheric soil samples of

halophytes (S. stocksii and A. amnicola) and hypersaline
lake-bank soil samples were characterized on the basis of
physicochemical properties like soil salinity, pH, organic
matter, vegetation type, texture class, CEC, and SAR.
Electrical conductivity (EC1:1) ranged from 4.68 to
6.62 dS/m, with the highest values in the hypersaline
lake-bank soil samples and the lowest values in S. stocksii.
pH values ranged from 7.56 to 8.49, temperature from
22.23 to 25.61 °C, and moisture from 23% to 39%. Total
organic matter ranged from 26.61 to 37.74 g/kg. The avail-
able P, K, Ca, and Mg contents were different in hyper-
saline lake-bank soil samples than in the rhizospheric
and non-rhizospheric soil samples (Table 1). CEC values
ranged from 69.78 to 80.18 mg/dm3, and SAR values from
9.32 to 13.17, with the highest values in non-rhizospheric
saline soil samples and the lowest in Atriplex soil samples.

Diversity analysis of Bacillus-like bacterial community in
the rhizospheric and non-rhizospheric soil samples of
halophytes (S. stocksii and A. amnicola) and hypersaline
lake-bank soil samples

Characterization of Bacillus-like communities by 16S rRNA
gene-based pyrosequencing showed that seven major
phylogenetic groups, Bacillus, Halobacillus, Virgibacillus,
Brevibacillus, Paenibacillus, Tumebacillus, and Lysinibacillus,
were identified in the rhizospheres of halophytes
(S. stocksii and A. amnicola), non-rhizospheric soil samples,
and hypersaline lake-bank soil samples. Nonmetric mul-
tidimensional scaling plot showed that the structure of
Bacillus-like communities in the rhizospheric and non-
rhizospheric soil of halophytes was different from that

Table 1. Physical and chemical properties of rhizospheric soil samples (Salsola stocksii and
Atriplex amnicola) and non-rhizospheric soil samples.

Parameter S. stocksii A. amnicola
Non-rhizospheric
saline soil samples

Lake-bank
soil samples

EC1:1 (dS/m) 4.68a 5.39ab 5.63ab 6.62b
pH 8.16ab 7.56a 8.22ab 8.49b
Temperature (°C) 23.52a 25.33ab 25.61b 22.23a
Moisture (%) 29ab 23a 25a 39b
Texture class Sandy loam Sandy loam Sandy loam Sandy loam
OM (g/kg) 37.74b 34.39ab 30.54a 26.61a
P (mg/kg) 3.62b 3.29b 2.80a 2.35a
K (mg/kg) 0.62b 0.55ab 0.38a 0.31b
Ca (mg/kg) 1.36a 1.44b 1.28a 1.17b
Mg (mg/kg) 1.36b 1.41a 1.29b 1.04a
NO–3 (mg/kg) 16.11b 12.87ab 11.15a 10.35a
H+Al (mg/kg) 59.24b 52.47ab 50.64ab 42.31a
V (mg/kg) 4.58b 3.16a 3.26a 4.77b
CEC (mg/dm) 75.91a 69.78a 80.18b 72.58a
SAR 12.45b 9.32ab 13.17a 12.45ab

Note: EC, electrical conductivity; OM, organic matter; P, phosphorous; K, potassium; Ca, calcium;
Mg, magnesium; NO–3, nitrate ion; H+Al, potential acidity; V, base saturation index; CEC, cation
exchange capacity; and SAR, sodium adsorption ratio. Within a row, values followed by a different
letter are statistically significantly different at the 5% level.
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of Bacillus-like communities in hypersaline lake-bank soil
samples (Fig. 1). This could be due to a difference in the
soil physicochemical properties at different sites. A total
of 852 sequences related to Bacillus-like bacterial strains
in the rhizosphere of S. stocksii, 1163 sequences in the
rhizosphere of A. amnicola, 1098 sequences in non-
rhizospheric soil samples, and 575 sequences in hyper-
saline lake-bank soil samples have been detected in this
study. The detailed phylogenetic analysis and distribu-
tion of sequences related to Bacillus-like bacterial strains
is shown in Fig. 2A. Bacillus-like communities from the
rhizosphere of S. stocksii showed a similar diversity pat-
tern, especially for genera Bacillus and Halobacillus,
when studied through pyrosequencing analysis and
culture-dependent methods. When overall results from
pure culture isolates and culture-independent analysis of
Bacillus-like communities were compared, the majority
of isolates were identified as Bacillus strains. Pyro-
sequencing analysis showed that sequences belonging to
Halobacillus were more abundant in all the soil samples
than sequences from other bacterial genera (Fig. 2).

Biochemical and molecular characterization of Bacillus
species

From the rhizospheric and non-rhizospheric soil sam-
ples of halophytes (S. stocksii and A. amnicola) and hyper-
saline lake-bank soil samples, 18 Bacillus isolates were
selected and identified on the basis of biochemical and
molecular characterization (Table 2). Of 18 isolates,
16 were identified as Bacillus strains and two as Oceanobacillus
strains on the basis of biochemical and morphological
characterization, whereas 16S rRNA gene analysis dem-
onstrated that seven isolates (HL1HP4, HL2HP6, HL2RP14,

HL4HP3, AT2RP4, AT3HP4, and LK2HaP12) were related
to different species of the bacterial genus Bacillus, five
(HL2RP7, HL4HP15, AT3HP15, NRS5HaP13, and LK3HaP7)
to Oceanobacillus, four (HL1HP11, HL2RP13, HL4RP4, and
NRS5HaP2) to Halobacillus, and two (HL3HP16 and
AT2RP3) to Virgibacillus (Table 2; Fig. 2B).

Phenotypic characterization of halophilic Bacillus strains
All the strains had the ability to grow at a salt concen-

tration of 3 mol/L NaCl, whereas nine strains could toler-
ate salt concentrations up to 4 mol/L NaCl (Table 3). Most
Bacillus strains could grow at pH 9 from all the soil sam-
ples, while only six strains (HL2RP7, HL2RP13, HL4HP3,
AT3HP15, NRS5HaP2, and LK3HaP7) could grow at pH 11.
More than 85% of halophilic Bacillus-like strains could
grow at 4 °C, and 72% strains were able to grow at 42 °C
(Table 3). Most Bacillus, Halobacillus, and Oceanobacillus
strains had the ability to degrade proteins, carbohy-
drates, and lipids. In the case of enzyme profile, most
isolates showed catalase and protease activity from all
soil samples. Of 18 isolates, 14 showed proteolytic activ-
ity, 10 showed positive results for lipase enzyme, five
were positive for cellulase activity, six showed positive
activity for amylase enzyme, 12 were positive for oxidase,
and 17 isolates showed catalase activity (Table 3).

PCR amplification of the ectABC gene cluster, betA gene,
and proDH gene

Of 18 isolates from the groups Bacillus, Virgibacillus,
Halobacillus, and Oceanobacillus, eight strains (HL1HP4,
HL2HP6, HL2RP7, AT3HP4, HL2RP14, AT2RP3, HL4HP4,
and AT3HP15) showed PCR amplification of the ectABC
gene cluster (Table 4), six strains (HL1HP4, HL2HP6,

Fig. 1. Nonmetric multidimensional scaling representation of the 16S rRNA gene sequence based on the Bray–Curtis similarity
index. In this figure, results from analysis of Bacillus-like communities in the rhizospheric and non-rhizospheric soil samples
of halophytes (Salsola stocksii and Atriplex amnicola) and lake-bank soil samples is presented. It is based on OTUs represented
by >97% similarity.
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Fig. 2. (A) Molecular phylogenetic analysis and relative abundance of Bacillus-related community from the rhizospheric and
non-rhizospheric soil samples of halophytes (S. stocksii and A. amnicola) and lake-bank soil samples. (B) Phylogenetic tree was
constructed on the basis of 16S rRNA sequences by using Neighbor-joining method. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches.
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AT3HP4, AT2RP3, AT3HP15, and LK3HaP7) showed posi-
tive results for betA gene amplification (Table 4), and six
strains (HL1HP4, HL1HP11, AT3HP4, HL2RP14, HL4RP4,
and AT3HP15) showed PCR amplification of the proDH
gene (Table 4).

Phylogenetic analysis on the basis of osmoregulatory genes
Phylogenetic analysis of the ectABC gene cluster

showed that three strains had similarity with the genus

Bacillus, two strains were related to Oceanobacillus, two
strains were belonging to Virgibacillus, and one strain was
from the genus Halobacillus (Fig. 3A). The results of phy-
logenetic analysis of the betA gene indicated that three
isolates showed more than 98% homology with the genus
Bacillus, two strains were related to Oceanobacillus, and
one strain was belonging to Virgibacillus (Fig. 3B). Phylo-
genetic analysis on the basis of the proDH gene demon-

Table 2. Identification of pure culture Bacillus isolates from the rhizospheric and non-rhizospheric soil
samples of halophytes (S. stocksii and A. amnicola) and lake-bank soil samples on the basis of QTS 24
bacterial identification kit and 16S rRNA gene sequence analysis.

Bacillus isolate identified by:

Isolate QTS 24 16S rRNA gene sequences
Sequence
similarity (%) Acc. No.

HL1HP4 Bacillus cereus Bacillus cereus 99 LT221128
HL1HP11 Bacillus cereus Halobacillus trueperi 99 LT635432
HL2HP6 Bacillus pumilus Bacillus endophyticus 98 LT221134
HL2RP7 Oceanobacillus sp. Oceanobacillus oncorhynchi 99 LT221138
HL2RP13 Bacillus sphericus Halobacillus trueperi 99 LT635433
HL2RP14 Bacillus sp. Bacillus pumilus 99 LT221136
HL3HP16 Bacillus sp. Virgibacillus halodenitrificans 99 LT221155
HL4HP3 Bacillus sphericus Bacillus flexus 99 LT221158
HL4RP4 Bacillus cereus Halobacillus halophilus 99 LT221159
HL4HP15 Bacillus sp. Oceanobacillus iheyensis 98 LT635434
AT2RP3 Bacillus sp. Virgibacillus halodenitrificans 100 LT221174
AT2RP4 Bacillus sp. Bacillus halodurans 99 LT221177
AT3HP4 Bacillus sp. Bacillus halodurans 99 LT221187
AT3HP15 Oceanobacillus sp. Oceanobacillus oncorhynchi 99 LT221188
NRS5HaP2 Bacillus pumilus Halobacillus litoralis 99 LT221228
NRS5HaP13 Bacillus pumilus Oceanobacillus kimchii 99 LT221232
LK2HaP12 Bacillus megaterium Bacillus safensis 99 LT221242
LK3HaP7 Bacillus sp. Oceanobacillus iheyensis 99 LT221248

Table 3. Phenotypic characterization of halophilic Bacillus-like strains from the rhizosphere of Salsola and Atriplex, non-
rhizospheric, and lake-bank soil samples.

Isolate

Growth at:

Protease Lipase Cellulase Amylase Oxidase Catalase
3.0 mol/L
NaCl

4.0 mol/L
NaCl pH 9 pH 11 4 °C 42 °C

HL1HP4 + – + – + – + + – + – +
HL1HP11 + – + – + + + – – – – +
HL2HP6 + + – – + – + + + – + –
HL2RP7 + – + + + + + – – + + +
HL2RP13 + + + + + + – – + – + +
HL2RP14 + – + – + + + + – – – +
HL3HP16 + – + – – + + + – + + +
HL4HP3 + + + + + + + – + – – +
HL4RP4 + – + – + – + + – – + +
HL4HP15 + + – – + + + + – + + +
AT2RP3 + – + + – + – – – – + +
AT2RP4 + + + – + + – – + – + +
AT3HP4 + + + – + + + + – – + +
AT3HP15 + – + + + + + + – – – +
NRS5HaP2 + + + + + + + – – + – +
NRS5HaP13 + – + – + – + + – – + +
LK2HaP12 + + – – + – + + – – + +
LK3HaP7 + + + + + + – – + + + +
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strated that three strains showed 99% similarity with the
genus Bacillus, two strains were related to Oceanobacillus,
and one strain was from the genus Halobacillus (Fig. 3C).

Discussion
Microbial diversity associated with halophytes is a cru-

cial determinant of plant productivity and salt tolerance.
This study is the first report of its kind that deals with the
diversity analysis of moderately halophilic Bacillus-like
bacteria from rhizospheric and non-rhizospheric soil
of halophytes (S. stocksii and A. amnicola) by culture-
independent and culture-dependent techniques. Bacillus-
like halophilic bacteria have previously been isolated
from various environments like deep-sea hypersaline
sediments, glacial ice, saline soils, and inclusions inside
materials such as salt crystals (Sass et al. 2008; Larose
et al. 2013; Sharma et al. 2015; Yuan et al. 2016).

The results of pyrosequencing analysis of 16S rRNA
showed that a total of 3688 sequences were related to
seven major phylogenetic groups: Bacillus, Halobacillus,
Virgibacillus, Brevibacillus, Paenibacillus, Tumebacillus, and
Lysinibacillus. From the rhizosphere of A. amnicola, the ma-
jority of sequences (31.53%) belonging to Bacillus-like bac-
teria have been identified, as compared with sequences
from the rhizosphere of S. stocksii (23.11%), non-
rhizospheric soil samples (29.77%), and hypersaline lake-
bank soil samples (15.59%). This could be due to the
difference in salinity levels of rhizospheric and non-
rhizospheric soil samples. The results of pyrosequencing
analysis also suggested that sequences from the genera
Bacillus and Halobacillus were more abundant among var-

ious Bacillus-like bacterial groups. Although some novel
genera, such as Brevibacillus, Paenibacillus, Tumebacillus,
and Lysinibacillus, were identified from all the soil sam-
ples, they were found to be less abundant. The culture-
independent techniques allowed the discovery of novel
bacterial species from different environmental samples.
It is well known that Bacillus-like organisms play an im-
portant ecological role in biogeochemical cycles in dif-
ferent ecosystems, such as marine waters and saline soils
(Taprig et al. 2013; Mukhtar et al. 2017). Halophilic Bacillus
strains promote plant growth, produce industrially im-
portant enzymes (proteases, amylases, cellulases, and
lipases), and are involved in bioremediation of different
toxic chemicals and pollutants from saline environ-
ments (Goswami et al. 2016; Jaisingh et al. 2016). A total of
18 Bacillus-like isolates belonging to four phylogenetic
groupsBacillus,Halobacillus,Virgibacillus, andOceanobacilluswere
obtained from rhizospheric and non-rhizospheric soil sam-
ples of halophytes (S. stocksii and A. amnicola). From the
marine and saline environments, the Bacillus-like bacte-
rial community has been found to be more abundant as
compared with other bacteria (Miranda et al. 2008;
Irshad et al. 2014). This study showed that more bacterial
genera were identified by pyrosequencing analysis than
by culture-dependent methods, which suggests that
culture-independent techniques are more effective for
discovery of unique microbial diversity (Li et al. 2015).

Most of the isolates were moderate halophiles but
some were extremely halophilic bacteria. Most bacterial
strains were able to grow at pH 9 from rhizospheric and
non-rhizospheric soil samples. More than 90% of bacte-
rial isolates grew well at 4 and 42 °C. Previous studies
also reported that moderate halophiles and mesophiles
are more abundant than extremely halophilic and ther-
mophilic bacteria in different soils (Mwirichia et al. 2010;
Mukhtar et al. 2016). Halophilic strains from the groups
Halobacillus, Virgibacillus, and Oceanobacillus show opti-
mum growth at salt concentrations of 1–2 mol/L NaCl
and 28–37 °C (DasSarma and DasSarma 2015). From the
rhizospheric and non-rhizospheric soil samples of
halophytes (S. stocksii and A. amnicola), about 77.78%
Bacillus strains showed proteolytic activity, 55.57% strains
could degrade lipids, 33.34% strains were positive for am-
ylase, and 27.78% strains showed cellulase activity. Mod-
erately halophilic bacteria have been used as a good
source of industrially important enzymes, such as
proteases, lipases, cellulases, amylases, oxidases, and
DNases (Lundberg et al. 2012; Liu et al. 2017). Enzymes
produced by halophilic bacteria have a unique structural
and catalytic feature to sustain the metabolic and physi-
ological processes under high osmotic stress (Kumar
et al. 2012). Protease- and lipase-producing halophilic
bacteria have been previously isolated from marine en-
vironments and a food source like fish sauce (Phrommao
et al. 2011). Bacterial strains from the genera Bacillus and
Halobacillus are known to be a good source of �-amylases

Table 4. PCR amplification of osmoregulatory genes
from halophilic Bacillus-like strains isolated from the
rhizosphere of Salsola and Atriplex, non-rhizospheric,
and lake-bank soil samples.

Isolate

PCR amplification

ectABC gene
cluster

betA
gene

proDH
gene

HL1HP4 + + +
HL1HP11 – – +
HL2HP6 + + –
HL2RP7 + – –
HL2RP13 – – –
HL2RP14 + – +
HL3HP16 + – –
HL4HP3 – – –
HL4RP4 + – –
HL4HP15 – – –
AT2RP3 + + –
AT2RP4 – – –
AT3HP4 – + +
AT3HP15 + + +
NRS5HaP2 – – –
NRS5HaP13 – – –
LK2HaP12 – – –
LK3HaP7 – + +
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Fig. 3. The phylogenetic analysis of (A) ectABC gene cluster, (B) betA gene, and (C) proDH gene sequences from halophilic Bacilli
strains. Phylogenetic trees were constructed using the Neighbor-joining method. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) was shown next to the branches.
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(Ali et al. 2014). Halophilic cellulases have been produced
by different lignocellulose-hydrolyzing halophilic bacteria,
such as Bacillus, Halobacillus, Salibacillus, and Halomonas
(de Lourdes Moreno et al. 2013). A number of halophilic
Bacillus species have been used as biofertilizers and bio-
control agents for different crops, such as wheat, rice,
and sugarcane, under salt-stress conditions (Kumar et al.
2011).

Moderately halophilic bacteria maintain their internal
osmotic balance by accumulating compatible solutes
like ectoine, glycine betaine, proline, and trehalose. Os-
moregulatory genes for betaine, ectoine, and proline
were also identified and characterized from halophilic
Bacillus strains isolated from the rhizosphere and non-
rhizospheric soil of halophytes. Eight bacterial strains
related to Bacillus, Virgibacillus, Halobacillus, and
Oceanobacillus showed positive results for PCR amplifica-
tion of the ectABC gene cluster (Table 4). Ectoine, a cyclic
tetrahydropyrimidine, is considered as a marker for
halotolerant and moderately halophilic bacteria and can
be synthesized by a number of halophilic bacterial
strains related to the genera Halobacillus and Halomonas
(Tanimura et al. 2016). Aspartate aldehyde is used as a
precursor molecule in the biosynthesis of ectoine. This
molecule is converted into 2,4-diaminobutyric acid, and
finally as a result of acetylation, ectoine is formed
(Youssef et al. 2014). The choline dehydrogenase (betA)
was identified and characterized from six isolates
belonging to the groups Bacillus, Oceanobacillus, and
Virgibacillus from the rhizosphere of halophytes and hy-
persaline lake-bank soil samples. Different intracellular
enzymes are involved for the accumulation of betaine.
They maintain internal balance by regulating water in-
side the cells and, thus, protect the cells from dehydra-
tion. Previously, a number of studies have also reported
that halophilic bacterial genera, such as Halomonas, Bacillus,
Oceanobacillus, and Staphylococcus, have ability to synthe-
size betaine from choline, but amplification and char-
acterization of the betA gene from Oceanobacillus and
Virgibacillus are reported for the first time in this study.
The betaine operon consists of the genes betA (choline
dehydrogenase), betB (betaine aldehyde dehydrogenase),
and betT (choline transporter) (Ying et al. 2016; Zou et al.
2016). Six bacterial strains from the groups Bacillus,
Oceanobacillus, and Halobacillus showed proDH gene detec-
tion and identification. Some moderately halophilic bac-
teria (E. coli, Bacillus, Halobacillus, and Halomonas) use
proline as a compatible solute to survive under salt-stress
environments. These bacteria can synthesize proline by
using either glutamate or ornithine as a precursor mol-
ecule (Collins and Deming 2013).

Conclusion
To the best of our knowledge, this study is the first

report of Bacillus-like bacterial diversity from the rhizo-
spheric and non-rhizospheric soil of halophytes (S. stocksii and

A. amnicola) growing in Pakistan (Khewra Salt Mine).
Seven major phylogenetic groups, Bacillus, Halobacillus,
Virgibacillus, Brevibacillus, Paenibacillus, Tumebacillus, and
Lysinibacillus, were identified through pyrosequencing
analysis, whereas only four genera, Bacillus, Halobacillus,
Virgibacillus, and Oceanobacillus, were identified by
culture-dependent methods. Most Bacillus strains iso-
lated in this study were moderately halophilic, alkali-
philic, and mesophilic bacteria. They showed positive
results for production of industrially important en-
zymes, such as proteases, amylases, cellulases, lipases,
and oxidases. Osmoregulatory genes for different com-
patible solutes, such as ectoine, glycine betaine, and
proline dehydrogenase, have been identified and charac-
terized from bacterial isolates related to Bacillus,
Halobacillus, Virgibacillus, and Oceanobacillus. Identification
and characterization of Bacillus and Bacillus-derived gen-
era provides information about the importance of these
bacteria as a source of enzymes in industry and as inocu-
lants and biocontrol agents for salt-affected agricultural
soils.
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