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ARTICLE INFO ABSTRACT

Keywords: Bacterial plasmids carry genes that code for additional traits such as osmoregulation, CO, fixation, antibiotic and
Halophilic bacteria heavy metal resistance, root nodulation and nitrogen fixation. The main objective of the current study was to
Plasmids

identify plasmid-conferring osmoregulatory genes in bacteria isolated from rhizospheric and non-rhizospheric
soils of halophytes (Salsola stocksii and Atriplex amnicola). More than 55% of halophilic bacteria from the rhi-
zosphere and 70% from non-rhizospheric soils were able to grow at 3 M salt concentrations. All the strains
showed optimum growth at 1.5-3.0 M NaCl. Bacterial strains from the Salsola rhizosphere showed maximum
(31%) plasmid elimination during curing experiments as compared to bacterial strains from the Atriplex rhi-
zosphere and non-rhizospheric soils. Two plasmid cured strains Bacillus HL2HP6 and Oceanobacillus HL2RP7 lost
their ability to grow in halophilic medium, but they grew well on LB medium. The plasmid cured strains also
showed a change in sensitivity to specific antibiotics. These plasmids were isolated and transformed into E. coli
strains and growth response of wild-type and transformed E. coli strains was compared at 1.5-4 M NacCl con-
centrations. Chromosomal DNA and plasmids from Bacillus filamentosus HL2HP6 were sequenced by using high
throughput sequencing approach. Results of functional analysis of plasmid sequences showed different proteins
and enzymes involved in osmoregulation of bacteria, such as trehalose, ectoine synthetase, porins, proline,
alanine, inorganic ion transporters, dehydrogenases and peptidases. Our results suggested that plasmid con-
ferring osmoregulatory genes play a vital role to maintain internal osmotic balance of bacterial cells and these
genes can be used to develop salt tolerant transgenic crops.

Osmoregulatory genes
Salt tolerance
Bacillus filamentosus

two component regulatory systems. They have osmosensor and os-
moregulator proteins to recognize osmotic imbalance. Regulator pro-
teins bind DNA and regulate gene expression and sensor proteins (his-

1. Introduction

Water is one of the most important prime elements responsible for

life. Halophiles have adapted special genetic and physiological mod-
ifications to survive in extreme (hypersaline) environments (Irshad
et al., 2014; Youssef et al., 2014). They can be classified as slightly,
moderately or extremely halophilic depending on their requirement for
sodium chloride (DasSarma and DasSarma, 2015; Purdy et al., 2004).
Halophilic microorganisms generally use two mechanisms of adapta-
tion to hypersaline environments: (1) the accumulation of compatible
solutes (osmolytes) to the imposed osmotic pressure and (2) the
maintenance of high intracellular ionic (K*) concentrations and
adaptation of entire intracellular enzymatic machinery to function in
hypersaline conditions. Mostly halophilic bacteria and archaea have

* Corresponding author.
E-mail address: kausermalik@fccollege.edu.pk (K.A. Malik).

https://doi.org/10.1016/j.micres.2019.126307

tidine kinases) detect the signals. This system controls the changes in
osmotic pressure on both sides of the cell membrane (Foo et al., 2015).

Mostly halophilic bacteria balance their cytoplasm with the high
salt concentration of the medium by the accumulation of osmolytes.
These compatible solutes are excreted in the cytoplasm either by the
bacterial cell itself or can be taken from the medium. Osmolytes can be
classified into two main groups; organic solutes (trehalose, ectoine,
betaine, proline), inorganic solutes (K*, Mg2*, Na*) (Nath, 2016).
Mostly bacteria lack intracellular systems for active transport of water
to cope with external osmotic stress. Therefore, they balance internal
environment by the transport or synthesis of a group of organic solutes
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(compatible solutes) without affecting the metabolic function of the cell
(Moghaddam et al., 2016; Petrovic et al., 2004). Compatible solutes can
be classified according to their chemical nature; (1) anionic solutes, (2)
zwitterionic solutes and (3) non-charged solutes (Culla et al., 1999).
‘Salt in’ strategy is used by two phylogenetically unrelated groups;
anaerobic halophilic bacteria (Haloanaerobiales) and aerobic halophilic
archaea (Halobacteriales). These groups use inorganic ions (K", Mg“,
Na™) to cope with external osmotic stress (high salt concentrations). All
intracellular machinery is adapted to the high salt concentration in the
external environment of the cell (Karan et al., 2012).

Mostly halophilic bacteria contain several plasmids. Plasmid con-
ferring genes in bacteria play an important role in bacterial flexibility
and adaptation to different abiotic stresses (Dziewit et al., 2015; Frage
et al., 2016). Bacterial plasmids carry genes that codes for additional
traits such as osmoregulation (Klumper et al., 2015; Oren, 2012), in-
duction of plant tumors, CO, fixation, antibiotic and heavy metal re-
sistance (Rahube et al., 2014), root nodulation and nitrogen fixation,
different metabolic transformation, virulence and plant tumor induc-
tion (Norberg et al., 2011b). Microbial plasmids also determine some
specific phenotypic characteristics of bacteria, such as colony colour
(pigments) and mucoid colonial growth (Delmont et al., 2015;
Garcillan-Barcia et al., 2011).

Khewra Salt Mine, Pakistan provides a rich and extensive habitat for
halophytes and halophilic microorganisms. Atriplex and Salsola are
important biomass producers in the barren lands of this area (Dagla and
Shekhawat, 2005). Rhizosphere microbiome of halophytes contains of a
wide diversity of halotolerant and halophilic microorganisms (Mukhtar
et al., 2017). The main objective of this research was to identify
plasmid-conferring osmoregulatory genes in bacteria isolated from the
rhizospheric and non-rhizospheric soils of Salsola stocksii and Atriplex
amnicola. Plasmid mediated salt tolerance was studied by using plasmid
curing of halophilic strains and then plasmids from halophilic bacterial
strains were transformed into E. coli strains (Topl0 and DH10a). We
also compared the antibiotic resistance profile of wild-type and plasmid
cured halophilic strains with the transformed E. coli strains with plas-
mids from halophilic bacteria. The current study is the first report of its
kind that it deals with the identification of osmoregulatory genes from
the rhizospheric halophilic Bacillus strain HL2HP6 through whole
genome sequence analysis.

2. Materials and methods

2.1. Screening of halophilic bacterial strains with respect to their tolerance
ability

Forty-six halophilic bacterial strains from the rhizosphere of Salsola
stocksii, 42 strains from the rhizosphere of Atriplex amnicola and 24
strains from non-rhizospheric soils of halophytes were selected from
our lab collection (Table S1). These strains were screened for their salt
tolerance by using HaP (Halophilic) medium (Tryptone 5g/1, Yeast
Extract 1 g/1, 5g/1 KCl, 10 g/1 MgSO,, 2 g/1 K;HPO, and pH 7.2) sup-
plemented with 1.5-4 M NaCl concentrations. Bacterial strains were
cultured in 250 mL flasks at 37 °C with continuous rotatory agitation at
130 rpm for 72 h. During incubation, bacterial growth in terms of op-
tical density (OD 600) was measured after different time intervals.
Readings were taken after 3, 6, 12, 24, 36, 48 and 72 h of incubation
(Mukhtar et al., 2019).

2.2. Plasmid curing halophilic bacterial strains

Halophilic bacterial strains were grown by using HaP medium
supplemented with acridine orange (0.10 mg/ml). Sub-culturing of the
strains was done again in HaP medium with 2 M NaCl (control) as well
as in LB medium and incubated overnight at 37 °C with at 130 rpm. The
above procedure was repeated for 3-4 times until no growth was
formed in HaP medium (control) but the growth was observed only in

Microbiological Research 228 (2019) 126307

LB broth. From LB medium, serial dilutions were made and plated on
HaP medium to check sensitivity to NaCl (Akinjogunla and Enabulele,
2010; Durve et al., 2013).

2.3. Isolation and restriction analysis of plasmid DNA from halophilic
strains

Plasmid DNA was isolated from halophilic bacterial strains by using
QIAGEN® Plasmid MaxiPrep and Purification kit. The concentration of
plasmid DNA was measured on 0.8% agarose gel and quantified using
the Nanodrop (NanoDrop 200c Thermo Scientific, USA). Plasmid DNA
was digested with EcoRI and BamHI and incubated at 37 °C in a dry bath
for 3h. The digested DNA was separated on 1% agarose gel along with
1 kb DNA ladder (Fermentas) for 7h at 30 V.

2.4. Transformation of plasmids from halophilic bacteria into E. coli

Plasmids from halophilic bacterial strains were transformed into E.
coli strains (Topl0 and DH10a) by electroporation and conjugation
methods while no DNA was added to these cells in the control sets
(Qureshi and Malik, 1990). To check the competency of E. coli cells,
transformed cells were grown on HaP medium with 1.5M NaCl con-
centration. The positive transformants of E. coli were screened for salt
tolerance by using different NaCl concentrations (1.5-4 M NaCl).

2.5. Antibiotic resistance profile of parental and plasmid cured halophilic
strains

The antibiotic resistance pattern of bacterial strains was studied
according to Kirby-Bauer disk diffusion method (Bauer et al., 1966; El-
Sayed and Helal, 2016). Seven antibiotics, ampicillin (AMP), to-
bramycin (TOB), amoxicillin (AM), erythromycin (E), sulfamethoxazol/
trimithoprim (SXT), penicillin (P) and vancomycin (VA) were used to
check antibiotic sensitivity of wild-type and cured halophilic strains
and transformed E coli strains. Antibiotic discs were placed over freshly
prepared HaP medium seeded with bacterial strains under study. All
antibiotic disks were placed on each of the seeded plates at appropriate
distances from one another and plates were incubated at 37 °C for 24 h.
the strains were classified as sensitive or resistant by the presence or
absence of inhibition zone of growth around antibiotic discs.

2.6. Sequencing of plasmids from Bacillus filamentosusHL2HP6

Bacillus filamentosus HL2HP6 lost its complete salt tolerance after
plasmid curing, so we selected this strain for whole genome sequencing
and for identification of plasmid encoded salt tolerant proteins and
enzymes. Plasmids from this strain were sequenced by using whole
genome sequencing technique. SMART bell sequencing library was
constructed using 500-1000ng size-selected DNA with Pacific
Biosciences DNA template Pre Kit 2.0. The binding of SMART bell
templates to polymerases was carried out using the Binding Kit P5 and
V2 primers. Sequencing was carried out on the Pacific Biosciences RSII
platform using C3 reagents. The files resulting from the PacBio se-
quencing were used directly for the assembly process. Raw reads were
processed into sub-reads by removing adaptors and filtered using
SMART Analysis 2.2. The filtered sub-reads were used in the HGAP
assembly process. An in-house lengths that would give a coverage
around 10. For Bacillus sp. HL2HP6, seed length 5 K-10 K was chosen. A
separate assembly process was done for each seed length. The HGAP
(hierarchical genome assembly process) was done as follows; (1) Reads
shorter than the seed length were aligned with the longer reads using
BLASR. The errors on the long reads were corrected using aligned reads.
(2) The high-quality corrected reads were assembled based on over-
lapping sequences to obtain a draft assembly. (3) All the reads were
mapped to the draft assembly which polished the assembly to obtain
the final genomic sequences. The seed length that gave the least contigs
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were chosen as the final assembly. For plasmid sequences, we ran
BLAST again itself to identify the redundant sequences at the end. The
redundant sequences were clipped and the connected parts were re-
checked by using PCR.

The de novo gene prediction on the plasmid sequences was per-
formed by using CLC genomics work bench and GeneMarks (Besemer
et al., 2001). The gene function was annotated by BLAST against Kyoto
Encyclopedia of Genes and Genomes database KEGG pathway
(Kanehisa et al., 2006). The chromosomal DNA sequence was deposited
in the GenBank database under the accession number CP026636 and
plasmid sequences were submitted under the accession numbers of
CP026636-CP026640.

2.7. PCR confirmation of wild-type and plasmid cured halophilic strains

To differentiate wild-type Bacillus filamentosus HL2HP6 from
plasmid cured HL2HP6-1, PCR amplification of chromosomal replica-
tion initiator protein DnaA gene, plasmid encoded genes, such as an
integrase gene from plasmid pHL2HP6-1, a replication protein gene
from plasmid pHL2HP6-2, a glutamate decarboxylase gene from
plasmid pHL2HP6-3, a hypothetical protein gene from plasmid
pHL2HP6-4 and plasmid pHL2HP6-5 were performed by using gene
specific primers (Table 1). PCR reaction mixture contained 10 ng tem-
plate DNA, 2.5 uL 10X Taq polymerase buffer (Fermentas), 1 pL 10 mM
dNTPs (Fermentas), 2L of 25 mM MgCl, (Fermentas), 1 uL each of
primers and 0.2 units Taqg DNA polymerase (Fermentas) with total vo-
lume 25pL. Amplification was performed in a Nyx Technik Ampli-
tronyx (ATC201) Thermal Cycle with the following conditions; initial
denaturation at 95 °C for 5 min, followed by 30 repeated cycles of 94 °C
for 1 min, 52 °C for 50 s and 72 °C for 1 min and final extension at 72 °C
for 5 min.

3. Results
3.1. Growth response of halophilic bacteria in salt supplemented medium

From the rhizosphere of Salsola and Atriplex and non-rhizospheric
soils, more than 50% strains could tolerate up to 3.0 M NaCl while only
few strains could grow up to the range of 3.5 and 4 M NaCl (Fig. 1A).
More than 75% strains from all the soil samples were moderately ha-
lophilic and they required 1.5-2.5M NaCl concentration for their op-
timum growth. Growth of most of the strains was better at 2 M NaCl and
usually decreased with the increase in salt concentration (Fig. 1A).

3.2. Characteristics of plasmid cured halophilic strains

For each strain where plasmid curing was successfully obtained, one
plasmid free segregate was selected and named after the name of their

Table 1
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Fig. 1. (A) Growth response of halophilic bacteria isolated from the rhizosphere
of Salsola and Atriplex and non-rhizospheric soils in salt supplemented medium,
(B) Plasmid curing of halophilic bacterial strains from the rhizosphere of Salsola
and Atriplex and non-rhizospheric soils.

strains, such as HL2HP6-1 (HL2HP6), AT2RP3-1 (AT2RP3), NRS2HaP1-
1 (NRS2HaP1). Most of the bacterial strains were partially plasmid
cured. These strains had genes for salt tolerance on their plasmid as well
as on their chromosomal DNA. Bacterial strains from the Salsola rhi-
zosphere showed maximum (31%) results for plasmid curing as com-
pared to bacterial strains from other soil samples (Fig. 1B).

3.3. Isolation and restriction analysis of plasmids from halophilic strains

Plasmid size ranged approximately 7 to 105kb. Most of the halo-
philic strains harbor more than 2 plasmids (Fig. 2A). These plasmids
were designated on the name of bacterial and archaeal isolates as
pHL2HP6 (HL2HP6), pAT2RP3 (AT2RP3), pNRS2HaP1 (NRS2HaP1).
Plasmids from different halophilic strains (HL2HP6, AT2RP3, AT3HP4,
NRS1HaP14, NRS2HaP1 and NRS3HaP12 were digested with EcoRI and
BamHI. Restriction patterns were similar in case of pHL2HP6, pAT2RP3
and NRS3HaP12 while the restriction pattern of other plasmids were

Primer sequence and gene product used for confirmation of wild-type and plasmid cured halophilic strain HL2HP6.

DNA samples Primer sequence (5~ 3’) Estimated gene amplification (bp) Gene product
Genomic DNA BeDnaAR: CGTTGTAATGTTGCCCAACAACAC 959 Chromosomal replication initiator protein DnaA
BeDnaAF: CCGTGATTGGCTTGAGGCTCA
BeHPF: GTGATACTCACGTCAGGAGAGGA 630 Promoter for Chromosomal replication initiator protein DnaA
BeHPR: GATGCACTGTCACCCATGTTTCC
pHL2HP6-1 BeIntF: CCTTGCAAGGACTCCAGAATCACT 618 Integrase
BeIntR: CTGAGTCATTGAATGTGGAACTGC
pHL2HP6-2 BeRypF: GAGTAGATTATCAGATTCGCACCGA 620 Replication protein
BeRypR: AGTCGGGATGGTTCTGGTGCA
pHL2HP6-3 BeDccpF: TTACCACGGGTAAAGTCCATCAATG 840 Glutamate decarboxylase
BeDeccpR: CTGGTCATGACAACCGGTAGGTTT
PHL2HP6-4 BeRepF: TGCTGTGGGTTTATTTGTCTATGCC 1023 Hypothetical protein
BeRepR: GTATAAGGTACACAACCCTAGTTACC
pHL2HP6-5 BeDcpF: TGGGTGGGGAAGTTTCTAAGAACC 1080 DUF3231 domain-containing protein

BeDcpR: CGCAAATGAAGGCTATTTCGGTGA
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Lambda Hindlll Ladder
A

Fig. 2. (A) Plasmid isolation from the selected strains: In figure, Lane 1 =
Lambda HindIll DNA Ladder; Lane 1-10 = plasmid DNA from different halo-
philic bacterial strains, (B) Selected plasmid DNAs digested with EcoRI and
BamHI: L = DNA marker, 1-10= digested fragments of selected plasmids.

different from each other. The size of restiction fragments ranged from
750 bp to more than 10 kb (Fig. 2B).

3.4. Comparison of growth patterns of wild-type and cured halophilic
strains and transformed E. colistrains

Plasmid DNA was transformed to E. coli strains DH10a and trans-
formants were selected on HaP medium with 1.5M NaCl concentra-
tions. Growth behaviour of different wild-type and cured halophilic
strains from the rhizosphere and roots of Salsola plants and transformed
E. coli strains were compared by using HaP medium with 1.5M NaCl
(Fig. 3). Majority of the cured strains (HL1HP4, HL2HP6, AT1HP1 and
NRS2HaP1) showed very little growth as compared to wild-type halo-
philic strains while partially cured strains (HL2RP7, AT2RP3 and
NRS5HaP2) showed growth to some extant in HaP medium. Trans-
formed E. coli strains with plasmids (pHL1HP4, pHL2HP6, pAT1HP1
and pNRS2HaP1) showed high populations as compared to transformed
strains with plamids (pHL2RP7, pAT2RP3 and pNRS5HaP2). Wild-type
E. coli strains showed no growth in HaP medium (1.5 M NaCl).

3.5. Antibiotics resistance profile of parental and plasmid cured halophilic
strains

More than 90% of the wild-type halophilic strains showed resistance
against at least 3 antibiotics (ampicillin, tobramycin and amoxicillin)
while plasmid cured halophilic strains were sensitive to all these anti-
biotics (Table 2 and Fig. S2). Four wild-type halophilic strains HL1HP4,
HL2RP7, HL2HP6 and NRS2HaP2 were resistant to ampicillin, to-
bramycin, amoxicillin and Sulfamethoxazol/Trimithoprim. Trans-
formed E. coli strains with plasmids from the same four halophilic
strains showed resistance against ampicillin and amoxicillin. Only
3 halophilic bacterial strains (AT1HP1, NRS2HaP1 and AT2RP3)
showed resistance to penicillin and vancomycin (Table 2 and Fig. S2).

3.6. General features of genomic DNA of Bacillus filamentosusHL2HP6

The size of Bacillus filamentosus HL2HP6 was 5.18 Mbp with GC
content of 36.81 and 5364 protein coding genes (Table S2 and Fig. 4).
The genome of Bacillus filamentosus HL2HP6 were compared with Ba-
cillus endophyticus Hbe603 and Bacillus megaterium QM B1551 genomes.
A lot of small proteins detected were annotated as hypothetical pro-
teins. The functional analysis of these proteins using KEGG pathway
database showed that they have an important role in abiotic stresses
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and bioremediation of different toxic compounds. Different proteins
and enzyme involved in various metabolic pathways were compared
among 3 Bacillus strains HL2HP6, Hbe603 and QM B1551 using COG
(clusters of orthologous groups) classification (Fig. 5). In the Bacillus
filamentosus HL2HP6 genome, the number of genes related to cell di-
vision and chromosome partitioning (D), lipid metabolism (L), carbo-
hydrate transport and metabolism (G), signal transduction mechanisms
(T), defense mechanisms (V) and posttranslational modification, pro-
tein turnover (O) is higher than that is in the other two Bacillus strains
while the number of genes related to amino acid transport and meta-
bolism (E), cell membrane biogenesis (M), translation, ribosomal
structure and biogenesis (I) and Intracellular trafficking and secretion
(U) is lower as compared to that is in other two strains. Overall Bacillus
filamentosus HL2HP6 genome has some distinctive features with regard
to osmoregulation and abiotic stress tolerance. This strain is more si-
milar to Bacillus endophyticus Hbe603 than the Bacillus megaterium QM
B1551 (Fig. 5).

3.7. Functional analysis of plasmid sequences from Bacillus
filamentosusHL2HP6

Results of whole genome sequence analysis showed that there were
5 plasmids in Bacillus filamentosus strain HL2HP6. The size of pHL2HP6-
1 was 24.8 kbp, pHL2HP6-2 was 43 kbp, pHL2HP6-3 was 106 kbp,
pHL2HP6-4 was 58 kbp and pHL2HP6-5 was 55 kbp (Fig. 6). Phylo-
genetic analysis showed that plasmids pHL2HP6-2 and pHL2HP6-4 had
maximum homology about 79% (Fig. S3).

Sequence analysis of plasmid pHL2HP6-1 showed that a total of 23
gene coding sequences were identified. KEGG metabolic pathway ana-
lysis of these genes using showed that 17% genes involved in xeno-
biotics biodegradation and metabolism, 17% genes coded different
proteins and enzymes which caused human diseases, 9% genes coded
enzymes which involved in amino acid metabolism, 9% genes involved
in energy metabolism, 8% genes in carbohydrate metabolism, 8% genes
in metabolism of vitamins and cofactors and 8% genes in lipid meta-
bolism (Table S3 and Fig. 6A).

Sequence analysis of plasmid pHL2HP6-2 showed that a total of 33
gene coding sequences were identified. Functional analysis of these
genes using showed that they coded different proteins and enzymes
which are known to be involved in genetic information processing
(31%), amino acid metabolism (31%), enzymes families (7%), xeno-
biotics biodegradation and metabolism (8%), glycan biosynthesis and
metabolism (8%) and human diseases (8%) (Table S4 and Fig. 6B).

A total 94 gene coding sequences were identified on the plasmid
pHL2HP6-3. About 20% of these genes encoded proteins involved in
human diseases (antibiotic resistance) and 20% with xenobiotics bio-
degradation and metabolism (Table S5 and Fig. 6C). Enzymes and other
proteins that function in energy metabolism (10%), environmental in-
formation processing (10%), glycan biosynthesis and metabolism
(10%), biosynthesis of other secondary metabolites (10%), metabolism
carbohydrate metabolism (10%) were also encoded by this plasmid
(Table S5 and Fig. 6C).

Plasmid pHL2HP6-4 encoded a total 46 genes that have functions in
genetic information processing (35%), antibiotic resistance (17%), xe-
nobiotics biodegradation and metabolism (12%), glycan biosynthesis
and metabolism (6%), enzyme families (6%), cellular processes (6%)
and environmental information processing (6%) (Table S6 and Fig. 6D).

Sequence analysis of plasmid pHL2HP6-5 showed that a total of
51 gene coding sequences were identified. Functional analysis showed
that these genes coded different proteins and enzymes which are known
to be involved in genetic information processing (25%), amino acid
metabolism (20%), energy metabolism (10%), enzyme families (10%),
xenobiotics biodegradation and metabolism (10%) and carbohydrate
metabolism (5%) (Table S7 and Fig. 6E).
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Fig. 3. Comparison of growth patterns of wild-type and plasmid cured halophilic strains, transformed and wild-type E. coli strains using HaP medium with 2 M NaCl

concentration.

3.8. Prediction of proteins and enzymes involved in osmoregulation

A number of plasmids encoded osmoregulatory proteins and enzymes
were identified using KEGG pathway analysis. Plasmid pHL2HP6-1 en-
coded proteins and enzymes including periplasmic proteins mdoA and
mdoB, porins OmpA and OmpB, peptidases, 3-haloacid dehalogenase,
peptidoglycan DL-endopeptidase, trehalases and integrase (Table 2).
Plasmid pHL2HP6-2 encoded pyrroline-5-carboxylate reductase, gluta-
mate synthase, proline dehydrogenase, fumarases, transcription factors
abrB, malate dehydrogenase, putative transposase, Mn-containing catalase
and organic acid transporters (Table 3). Plasmid pHL2HP6-3 encoded

different proteins and enzymes including trehalose synthetase, cellobiose
dehydrogenase, porins OmpC and OmpF, 2-haloacid dehalogenase, cy-
steine peptidases, K* transporters, phosphofructokinase and multidrug
resistance, efflux pump AbcA (Table 3). Plasmid pHL2HP6-4 encoded
proteins and enzymes including permeases, ProP and ProU, threonine
peptidases, peptidoglycan biosynthesis and degradation amidase, EctB,
EctC, ectoine synthetase, and MinD / ParA class of bacterial cytoskeletal
proteins (Table 3). Plasmid pHL2HP6-5 encoded proteins and enzymes,
including choline-sensing repressor protein, alanine dehydrogenase, cho-
line dehydrogenase, choline kinase, putative lipoprotein and electro-
chemical potential-driven transporters (Table 3).
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Table 2
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Antibiotic resistance profile of wild-type and plasmid cured halophilic and transformed E. coli strains from the rhizosphere of halophytes (Salsola and Atriplex) and

non-rhizospheric soil samples.

Bacterial strains Antibiotics

AMP (30 pg) TOB (10 pg) AM
(10pg)

(15 ug)

SXT (25 ug) P VA
(10ug) (30ug)

HL1HP4 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

HL2RP7 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

HL2HP6 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

AT1HP1 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

NRS2HaP1 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

AT2RP3 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

NRS5HaP2 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

NRS3HaP12 Wild-type halophilic strain
Plasmid cured halophilic strain
Transformed E. coli

TOIIBALTOOLNITNLITITONIINTITNITND
DOV HTNTNLLHOLOLNLOTYHNIT®® I
WHIEIEBALODTITNIONOLTTOLOLNTONDTNETN D

NHHBNDDNDNDNDLNDNNNDTNITTNNHLNNHLHNMHONO®N

NDODNNONDHNDNTNDNDLNNDLLNOLIE NN ®L®N®N
WO HDDNDDNNDTNDNNDDNLNNLHNLONN
DDNDDLNDNTNDNDNDHINTNLOLNLNONHMNN®N

Note: AMP = Ampicillin; TOB = Tobramycin; AM = Amoxicillin; E = Erythromycin; SXT = Sulfamethoxazol/Trimithoprim; P = Penicillin; VA = Vancomycin;

R = Resistance; S = Sensitive.
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Fig. 4. Circular genome visualization of
Bacillus filamentosus HL2HP6. Circles from the
outside to the inside show the positions of
protein-coding genes (blue), tRNA genes (red),
rRNA genes (purple) on the positive and ne-
gative strands (Circle 1 and 2). Circle 3 and 4
showed the positions of BLAST hits with the
genomes of Bacillus endophyticus Hbe603 and
Bacillus megaterium QM B1551. Circles 5 and 6
show plots of GC content and GC skew plotted
as the deviation from the average for the entire
sequence.
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3.9. PCR confirmation of wild-type and plasmid cured HL2HP6 strain

To differentiate wild-type Bacillus filamentosus HL2HP6 from
plasmid cured HL2HP6-1, PCR amplification of chromosomal replica-
tion initiator protein DnaA gene, plasmid encoded genes, such as an
integrase gene from plasmid pHL2HP6-1, a replication protein gene
from plasmid pHL2HP6-2, a glutamate decarboxylase gene from
plasmid pHL2HP6-3, a hypothetical protein gene from plasmid
pHL2HP6-4 and plasmid pHL2HP6-5 were performed by using gene
specific primers (Fig. 7). Genes encoded by chromosomal DNA and
plasmid pHL2HP6-3 were amplified from both wild-type and plasmid
cured strains while genes encoded by plasmids pHL2HP6-1, pHL2HP6-
2, pHL2HP6-4 and pHL2HP6-5 showed positive results in case of wild-
type strain while in plasmid cured strains, these genes were absent
(Fig. 7). These results showed that out of 5, 4 plasmids were eliminated
during plasmid curing process.

4. Discussion

Halophiles reside in the rhizosphere and inside plant roots play an
important in halophyte growth under salinity stress environments. The
main aim of this study was to identify plasmid-conferring osmor-
egulatory genes in rhizospheric bacteria isolated from the rhizospheric
and non-rhizospheric soils of Salsola and Atriplex by using plasmid
curing of halophilic strains and then plasmids from halophilic bacterial
strains were transformed into E. coli strains (Top10 and DH10a). The
current study is the first report of its kind that it deals with the iden-
tification of osmoregulatory genes from rhizospheric halophilic Bacillus
strains through whole genome sequence analysis. Plasmids from halo-
philic Bacillus filamentosus HL2HP6 were sequenced by using whole
genome sequencing technique and analyzed using KEGG pathway da-
tabase to identify different proteins and enzymes with important roles
in osmoregulation of this bacterium.

Halophilic bacterial strains from non-rhizospheric soil samples were
the most salt tolerant as compared to strains isolated from the rhizo-
sphere of Salsola and Atriplex. They could tolerate salt concentration up
to 4 M NaCl. More than 50% from the rhizosphere of halophytes could
grow in the presence of 3.0 M NaCl concentration. Only a few strains
identified in this study were able to survive at 4 M NaCl concentrations.
Moderate halophiles are able to grow at 1.5-3.5M NacCl in liquid as
well as solid medium. The extreme halophiles are able to grow at high
salt concentrations (3.4-5.1 M NaCl). Molecular phylogenetic studies
indicated a great diversity of halophilic bacteria and archaea in brines,
marine environments and solar salterns (Mahmood et al., 2009;
Mukhtar et al., 2016; Oren, 2002; Ventosa et al., 1989).

About 50% bacteria from the rhizosphere of halophytes and 60%
from non-rhizospheric soils were partially plasmid cured. These results
indicated that mostly halophilic bacteria contain osmoregulatory genes
on their chromosomal DNA as well as on their plasmids. Only a few
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Fig. 5. COG analysis of Bacillus filamentosus HL2HP6 with
other Bacillus species.

COG designation are presented as: C, Energy production and
conversion; S, Function unknown; D, Cell division and chro-
mosome partitioning; N, Cell motility and secretion; F,
Nucleotide transport and metabolism; L, Lipid metabolism; G,
Carbohydrate transport and metabolism; M, Cell membrane
biogenesis; K, Transcription; E, Amino acid transport and
metabolism; P, Inorganic ion transport and metabolism; I,
Translation, ribosomal structure and biogenesis; U,
Intracellular trafficking and secretion; T, Signal transduction
mechanisms; R, General function prediction only; V, Defense
mechanisms; O, Posttranslational modification, protein turn-
over and H, Secondary metabolite biosynthesis, transport and
catabolism.

bacterial strains completely eliminated their plasmids during curing
experiments from all the soil samples. Plasmid conferring genes play an
important role in flexibility and adaptation of abiotic stresses (Schuffler
and Kiibler, 2016). Elimination of native plasmids is usually an essential
step in their analysis. Bacterial plasmids carry genes that codes for
additional traits such as osmoregulation (Ohtani et al., 2016), CO,
fixation, root nodulation and nitrogen fixation, antibiotic and heavy
metal resistance (Ramirez et al., 2014) and plant tumor induction
(Norberg et al., 2011a). However, the information about the prevalence
and diversity of plasmids in bacteria from different environments is
very limited.

Plasmid isolated from halophilic bacterial strains were approxi-
mately 7 to 125 kb in size. The detection of large plasmids is not usually
easy because mostly plasmid isolation procedures based on disruptive
techniques that permit a reliable extraction of small or moderate large
plasmids ranging from 5 to 25kb (Akinjogunla and Enabulele, 2010).
Most of the E. coli transformants showed high transformation efficiency
69%, 75%, and 60% for plasmids isolated from the rhizosphere of ha-
lophytes (Salsola and Atriplex) and non-rhizospheric soils respectively.
Plasmids from halophilic bacteria (Halomonas, Marinobacter and Halo-
bacillus) encode genes involved in metabolism and osmoregulation that
enabling their hosts to survive with unusual carbon and energy sources
and under high salt conditions (Uddin et al., 2010). Qureshi and Malik
(1990) presented evidence for plasmid mediated salt tolerance by
suggesting the transfer of natural plasmids from a halophilic bacterium
to non-halophilic E. coli K12 and a Klebsiella strain. Previous studies also
showed the transfer of plasmid DNA from one bacterium to another
during the transformation and conjugation experiments (Afrasayab
et al., 2010; Galardini et al., 2013b).

More than 80% halophilic strains from the rhizosphere of Salsola
and Atriplex and non-rhizospheric soils were resistant to ampicillin,
tobramycin, amoxicillin and erythromycin while these strains were
sensitive to sulfamethoxazol/trimithoprim, penicillin and vancomycin.
Plasmids carry different genes that confer heavy metal resistance, an-
tibiotic resistance, salt tolerance and enzymes that expand the nutri-
tional ability of the cell (Bennett, 2010; Fukao et al., 2013). For marine
environments, all of the extremely halophilic bacteria were resistant to
different antibiotics, such as penicillin, streptomycin, tetracycline,
vancomycin, kanamycin, chloramphenicol and erythromycin (Irawati
et al., 2016; Woodford et al., 2011). The horizontal transfer of plasmids
plays an important role in the dissemination of antibiotic resistance
genes (Hall et al., 2016; Liangxing et al., 2016).

The whole genome sequence analysis of Bacillus HL2HP6 showed
that more than 5000 protein coding genes were identified and a large
number of small proteins detected were annotated as hypothetical
proteins. The genes related to cell division and chromosome parti-
tioning, lipid metabolism, carbohydrate transport and metabolism,
signal transduction mechanisms, defense mechanisms, posttranslational
modification, protein turnover, amino acid transport and metabolism,



S. Mukhtar, et al.

A pHL2HP6-1

Unclassified
8% Human Diseases
17%

Metabolism of other
amino acids
8%

Lipid metabolism

8% s
Xenobiotics

biodegradation and

Microbiological Research 228 (2019) 126307

B pHL2HP6-2
Glycan biosynthesis  Human Di
and metabolism 8%
8%
Genetic
Xenobiotics Information
biodegradation and Processing

metabolism 31%

8%

metabolism .
Metabolism of 17% Enzyme families
cofactors and vitamin! 7%
8%
Carbohyd.ra(e Amino acid Metabolism of other
metabolism metabolism amino acids A )
9% 7% mino acid metabolism
Information Processing Energy metabolism 31%
8% 9%
p D . Carbohydrate metabolism
Lipid metabolism Environmental 6%
10% information processing
6% Genetic
Metabolism of Human Diseases Cellular processes information
6% i
cofactors and vitamins 20% : pro;;;smg
%
10% Metabolism of
other amino acids
6%
Carbohydrate
metabolism Enzyme families
10% .
Xenobiotics
biodegradationand  Glycan biosynthesis
metabolism and metabolism
Environmental 20% 6%
Information -
. Xenobiotics
Processing biodegradation and Human diseases
10% Amino acid metabolism 17%
Energy metabolism metabolism 12%
10%
10%
E pHL2HP6-5
Unclassified
Carbohydrate metabolism 10%

5%

Environmental
Information Processing
5%

Nucleotide
metabolism
5%

Enzyme families
10%

Xenobiotics biodegradation and
metabolism
10%

Genetic information
processing
25%

Amino acid
metabolism
20%

Energy metabolism
10%

Fig. 6. Functional analysis of plasmids pHL2HP6-1 to pHL2HP6-5 encoded genes by using KEGG metabolic pathways.

cell membrane biogenesis, translation, ribosomal structure and bio-
genesis and intracellular trafficking and secretion were mainly identi-
fied through COG classification analysis (Zhao et al., 2013). Osmor-
egulatory genes for betaine, ectoine and proline were identified and
characterized from halophilic Bacillus, Halomonas, Virgibacillus, Halo-
bacillus and Oceanobacillus strains isolated from different environments
(Mukhtar et al., 2018; Tanimura et al., 2016; Zou et al., 2016).
Sequencing of four larger and one megaplasmid from halophilic
Bacillus filamentosus HL2HP6 showed that these plasmids encode dif-
ferent proteins and enzymes which are known to be involved in genetic
information processing, carbohydrate metabolism, amino acid meta-
bolism, enzyme families, xenobiotics biodegradation and metabolism,
glycan biosynthesis and metabolism and human diseases. Some un-
classified and uncharacterized proteins were also identified. Plasmids
from halophilic bacterial strains carry complete sets of genes for

transfer of plasmid DNA; the type 4 coupling protein (T4CP), xeno-
biotics biodegradation and metaboslism, origin of transfer (oriT), the
relaxase protein and the type 4 secretion system (T4SS) (Bonfa et al.,
2015; Brown et al., 2013; Shintani et al., 2015).

5. Conclusion

The current study is the first report of its kind that it deals with the
identification of osmoregulatory genes from the rhizospheric halophilic
Bacillus strain HL2HP6 through whole genome sequence analysis. More
than 50% halophilic bacterial strains from the rhizospheric and non-
rhizospheric soils were able to grow at 3 M salt concentrations. About
30% halophilic bacterial strains from the rhizosphere of halophytes and
20% halophilic bacterial strains from non-rhizospheric soils were
completely plasmid cured. Most of the plasmid cured halophilic strains
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Table 3

Detail of predicted enzymes and proteins involved in different metabolic pathways.

pHL2HP6-5

pHL2HP6-4

pHL2HP6-2 pHL2HP6-3

pHL2HP6-1

No. of enzymes

/proteins

Choline-sensing repressor protein

Alanine dehydrogenase

Permeases, ProP and ProU

DABA aminotransferase
Threonine Peptidases

Trehalose synthetase

Periplasmic proteins mdoA and mdoB  Pyrroline-5-carboxylate reductase

Glutamyl kinase

Cellobiose dehdrogenase
Porins, OmpC and OmpF
2-haloacid dehalogenase

Glutamate synthase

Choline dehydrogenase

Choline kinase

Putative lipoprotein

Porins, OmpA and OmpB

Peptidases

Xenobiotic-transporting ATPase

N-acetylmuramoyl-L-alanine

amidase

DABA aminotransferase

Peptidoglycan biosynthesis and degradation

Cysteine peptidases
amidase

Proline dehydrogenase

3-haloacid dehalogenase

Putative lipoprotein

DAB aminotransferase; EctB

K* transporters

Fumarases

2,4-diaminobutyrate
aminotransferase

Electrochemical potential-driven

transporters

Ectoine synthetase; EctC

RNA polymerase

Transcription factors abrB

Peptidoglycan DL-endopeptidase

Helix-turn-helix LacI family protein

Mn-containing catalase
Beta-Lactam resistance

N-acetylglutaminyl glutamine amide

ABCB (MDR/TAP) subfamily

Phosphofructokinase

Malate dehydrogenase
Putative transposase

Trehalases

RNA-directed DNA polymerase

Beta-Lactam resistance

MinD / ParA class of bacterial cytoskeletal

proteins

Mn-containing catalase

10

Beta-Lactam resistance

Chromosome partitioning proteins

RNA-directed DNA polymerase
Organic acid transporters

Integrase

11

Multidrug resistance, efflux pump AbcA

12
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1-kb ladder

1-kb ladder

Fig. 7. PCR confirmation of (A) wild-type and (B) plasmid cured halophilic
strains. Lane L = 1Kb DNA marker; Lane 1 and 2 = chromosomal replication
initiator protein gene; Lane 3 = Integrase gene from plasmid HL2HP6-1; Lane 4
= Replication protein gene from plasmid HL2HP6-2; Lane 5= Glutamate
decarboxylase gene from plasmid HL2HP6-3; Lane 6 = Hypothetical protein
gene plasmid HL2HP6-4 and Lane 7 = DUF3231 domain-containing protein
gene from plasmid HL2HP6-5.

indicated a change in antibiotic and metal resistance profile. Ability of
transformed E. coli to grow on halophilic medium confirmed the pre-
sence of plasmid encoded osmoregulatory genes. Whole genome se-
quence analysis of Bacillus HL2HP6 showed the presence of a number of
enzymes and other proteins involved in osmoregulation of micro-
organisms, such as trehalose, cellobiose inorganic ion transporters,
ectoine synthetase, porins, proline, alanine, dehydrogenases and pep-
tidases. The osmoregulatory genes identified in this study can be used
to develop salt tolerant transgenic crops that can be grown in salinity
affected areas.
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