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Abstract

Halomonas alkalicola CICC 11012s is an alkaliphilic and halotolerant bacterium isolated from a soap-making tank (pH > 10)
from a household-product plant. This strain can propagate at pH 12.5, which is fatal to most bacteria. Genomic analysis
revealed that the genome size was 3,511,738 bp and contained 3295 protein-coding genes, including a complete cell wall
and plasma membrane lipid biosynthesis pathway. Furthermore, four putative Na*/H* and K*/H™ antiporter genes, or gene
clusters, designated as HaNhaD, HaNhaP, HaMrp and HaPha, were identified within the genome. Heterologous expres-
sion of these genes in antiporter-deficient Escherichia coli indicated that HaNhaD, an Na*/H* antiporter, played a dominant
role in Na* tolerance and pH homeostasis in acidic, neutral and alkaline environments. In addition, HaMrp exhibited Na*
tolerance; however, it functioned mainly in alkaline conditions. Both HaNhaP and HaPha were identified as K*/H* antiport-
ers that played an important role in high alkalinity and salinity. In summary, genome analysis and heterologous expression
experiments demonstrated that a complete set of adaptive strategies have been developed by the double extremophilic strain
CICC 11012s in response to alkalinity and salinity. Specifically, four antiporters exhibiting different physiological roles for
different situations worked together to support the strain in harsh surroundings.
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Introduction (Yang et al. 2010) and soap-making tanks (Tang et al. 2017).

These surroundings allowed haloalkaliphilic bacteria to

Alkaliphilic and halophilic bacteria from diverse lineages
are distributed worldwide in natural and human environ-
ments, such as soda lakes (Ma et al. 2004), mill wastewater
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evolve adaptive mechanisms for survival under extreme
alkaline and osmotic pressure (Padan et al. 2005).

To regulate pH homeostasis and cation concentrations
in response to alkaline and saline stress, bacteria develop a
variety of strategies, including adjustments to cell wall struc-
ture (Aono et al. 1999) and membrane lipid composition
(Clejan et al. 1986); improvements in membrane transport
activities and bioenergetics (Krulwich 1995); and accumula-
tions of compatible solutes (Ono et al. 1998) and metabolic
alterations for acid generation (Blankenhorn et al. 1999).
Among these mechanisms, cation/proton antiporters play an
indispensable role in cation tolerance and pH homeostasis
by promoting the efflux of intracellular monovalent cations
in exchange for external protons (Padan et al. 2005).

According to the sequence-based Transporter Classifi-
cation Database (TCDB), cation/proton antiporters mainly
belong to four superfamilies (Saier et al. 2006): the cation
diffusion facilitator (CDF) superfamily, which includes
members of the CaCA family (TC 2.A.19), such as ChaA
and ChaB (Fujisawa et al. 2009; Saif et al. 2001); the cation
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proton antiporter (CPA) superfamily (Chen et al. 2011),
including the CPA1 (TC 2.A.36) and CPA2 (TC 2.A.37)
families; the Na' transporting Mrp superfamily, which
includes members of the multi-subunit CPA3 antiporter (TC
2.A.63) family, such as the Mrp- and Pha-type antiporters
(Kajiyama et al. 2007; Putnoky et al. 1998); and the ion
transporter (IT) superfamily, including NhaA (TC 2.A.33),
NhaB (TC 2.A.34), NhaC (TC 2.A.35), NhaD (TC 2.A.62)
and NhaE (TC 2.A.111) families (Padan et al. 2015; Pinner
etal. 1992; Ito et al. 1997; Liu et al. 2005; Sousa et al. 2013).
Although cation/proton antiporters are responsible for
pH homeostasis, which allows bacteria to tolerate environ-
mental stresses, different antiporters with diverse functions
have evolved in neutrophilic and alkaliphilic bacteria. For
example, NhaA and NhaB are major Na*/H* antiporters in
Escherichia coli and other enterobacteria. NhaA plays an
essential role during alkaline stress by adjusting intracellu-
lar pH, whereas NhaB functions in neutral conditions (Pin-
ner et al. 1992). The NhaD antiporter allows for survival in
high salinity and alkalinity, and is mainly associated with
haloalkaliphiles, such as Alkalimonas amylolytica (Liu et al.
2005), Halomonas elongata (Kurz et al. 2006), Halobacillus
dabanensis (Zhang et al. 2014) and Halomonas alkaliphila
(Wang et al. 2017). The Mrp antiporter, distinct from the
single gene-encoded antiporter, is composed of six to seven
subunits. This heterooligomeric antiporter usually exists in
alkaliphilic Bacillus strains and has a crucial role at high
alkalinity (Kajiyama et al. 2007). A similar antiporter com-
plex, Pha, exists in Rhizobium meliloti and is mainly respon-
sible for potassium proton exchange (Putnoky et al. 1998).
Halomonas alkalicola CICC 11012s, deposited at the
China Center of Industrial Culture Collection (CICC), was
isolated from a soap-making tank (pH > 10) in a household-
product plant in China. The strain is able to grow in medium
with 0—80 g/L NaCl and pH 7.0-12.5 (Tang et al. 2017).
A striking feature of this strain is its extreme alkaliphilic
tolerance. In this study, the genome of strain CICC 11012s
was sequenced and analyzed to investigate the potential

mechanisms for pH homeostasis. Through genome annota-
tion and screening, four putative antiporters were charac-
terized and their roles in response to alkaline stress were
explored.

Materials and methods
Strains and plasmids

H. alkalicola CICC 11012s was previously isolated from a
soap-making tank and cultured in tryptone soya agar (TSA).
Two antiporter-deficient E. coli strains were selected to
explore the functions of H. alkalicola antiporters: namely,
E. coli KNabc, deficient in three Na*/H* antiporter encoding
genes (nhaA, nhaB and chaA), and E. coli TK2420, defi-
cient in K* uptake transporter encoding genes (kdp, kup and
trk). E. coli KNabc (Nozaki et al. 1996) and E. coli TK2420
(Epstein et al. 1993) were cultured in LBK medium. E. coli
Trans1-T1 and vector pUC19 were used for gene cloning.
The strains and plasmids used in this study are listed in
Table 1; the primers used in this study are listed in sup-
plemental Table 1.

Growth experiments under alkaline and saline
conditions

Triplicate growth studies were performed in 96-well plates
for determining the alkaline and saline tolerance of H. alka-
licola CICC 11012s. Tryptone soya broth (TSB; 200 pL)
of various pH values (7.0-12.0) and NaCl concentrations
(0-60 g/L) was aliquoted into the wells. Cells with exponen-
tial growth in TSB (ODg,, = 0.5) were then inoculated into
the broth. After 24 h incubation, absorbance data (ODg)
were collected to illustrate growth under alkaline and salt
conditions using SpectraMax® M2 multifunctional plate-
reading machine (Molecular Device, Sunnyvale, USA).

Table 1 Strains and plasmids

R X Strains and plasmids
used in this study

Characteristics

Origin

Halomonas alkalicola CICC
11012s

E. coli Trans1-T1
E. coli KNabc
E. coli TK2420
Plasmids
pUCI19
pUC19-HaNhaD
pUC19-HaNhaP
pUC19-HaPhaD
pUC19-HaMrpD

Alkaliphilic and halophilic strain

Strain for gene cloning
E. coli mutant (AnhaA, AnhaB and AchaA)
E. coli mutant (Akdp, Akup and Atrk)

Cloning vector

Our laboratory

Transgen Biotech
Nozaki et al. (1996)
Epstein et al. (1993)

Our laboratory

pUC19 with HaNhaD This study
pUC19 with HaNhaP This study
pUC19 with HaPhaD This study
pUC19 with HaMrpD This study
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Genome preparation, sequencing and annotation

Genomic DNA was extracted from cells during the expo-
nential growth phase using the TITANamp Bacteria Genomic
DNA Kit (Tiangen, Beijing, China) according to the manu-
facturer’s protocol. Qualification and quantification of the
prepared DNA was measured using BioDrop pLite (Bio-
Drop, Cambridge, UK). The integrity of the molecular
weight fragments was verified on a 1% agarose gel. The
genome of H. alkalicola CICC 11012s was sequenced on the
Ilumina HiSeq 2000 platform. Briefly, genomic DNA was
randomly fragmented and then DNA fragments of appropri-
ate lengths were retained by electrophoresis. Adapters were
ligated to the fragments to construct the bacterial sequencing
(BS) library. After quality testing, the qualified BS library
was used for sequencing. Short reads were assembled into
a genome sequence using SOAPdenovo (Li et al. 2010; Li
et al. 2008b). The key parameter K, set at 79, was determined
by optimal assembly results for the sample. The assembly
results were then locally assembled and optimized according
to paired-end and overlap relationships by mapping reads to
contigs. The genes were predicted from the assembly results
using Glimmer (Delcher et al. 1999; Salzberg et al. 1998;
Delcher et al. 2007), which was developed for microorgan-
isms, such as bacteria, archaea and viruses.

Tandem repeats were predicted using Tandem Repeat
Finder (Benson 1999), and minisatellite and microsatellite
DNAs were selected based on the number and length of
repeated units. rRNAmmer (Lagesen et al. 2007), tRNAs-
can (Lowe and Eddy 1997) and Infernal software and the
Rfam (Gardner et al. 2009) database were used to predict
the rRNA, tRNA and sRNA, respectively.

Function annotation was accomplished by protein
sequence analysis. The genes were aligned with databases
to obtain the corresponding annotations. To ensure the bio-
logical meaning, the highest quality alignment was chosen as
the gene annotation. Function annotation of genes was com-
pleted using Basic Local Alignment Search Tool (BLAST)
against the non-redundant database (Version: 20121005),
Cluster of Orthologous Groups of proteins (COGs) (Tatusov
et al. 1997, 2003) and Kyoto Encyclopedia of Genes and
Genomes (KEGGs) databases (Kanehisa 1997; Kanehisa
et al. 2003, 2006).

The RAST and KEGG databases were used to analyze
alkali-related genes, which are mainly responsible for the
synthesis of cell wall structure, plasma membrane lipid
composition, metabolisms for acid generation, bioenerget-
ics and cation/proton antiporters that catalyze active pro-
ton transport, such as Na* (Li*)/H* antiporters and K*/H*
antiporters.

Characterization of monovalent cation/proton
antiporters

Genes encoding HaNhaD, HaNhaP, HaPhaD and HaMrpD
were amplified from genomic DNA by PCR. BamHI and
HindII restriction sites were inserted in the upstream and
downstream regions, respectively, of the target genes. The
PCR product was purified using Cycle-Pure kit (Omega,
Norcross, USA), digested with BamHI and HindllI (Takara,
Dalian, China), and ligated into the pUC19 plasmid at
these two sites using T4 DNA ligase (Takara, Dalian,
China). The resulting recombinant plasmids, designated as
pUC19-HaNhaD, pUC19-HaNhaP, pUC19-HaPhaD and
pUC19-HaMrpD, were transformed into competent E. coli
Trans-T1 cells by chemical transformation. After PCR veri-
fication, the recombinant plasmids were isolated and trans-
formed into E. coli KNabc and E. coli TK2420. Primers used
in this work are listed in supplemental Table 1.

Characterizations of the four putative antiporters men-
tioned above were carried out in E. coli KNabc and E. coli
TK?2420. Recombinant cells harboring pUC19 in E. coli
KNabc and E. coli TK2420 were considered as correspond-
ing controls. LBK broths of different NaCl concentrations
from 0 to 600 mM were used to investigate Na* resistance
in E. coli KNabc recombinants. Minimal medium with vari-
ous KCI concentrations from 0 to 100 mM were chosen to
explore K* resistance using E. coli TK2420 recombinants.
LBK medium containing 100 mM NaCl with different pH
values were used to test pH resistance. The pH of the broth
was adjusted incrementally with Tris—HCI buffer (50 mM)
t0 6.0, 7.0, 8.0 and 9.0 (Cheng et al. 2016).

The translated amino acid sequence of HaNhaD was
analyzed using BLASTP software. Comparisons between
HaNhaD and NhaD, a similar antiporter from close relatives,
were carried out by ESPript 3.0 (Gouet et al. 1999).

Expression analysis in H. alkalicola CICC 11012s

Cells in mid-logarithmic phase (approximately,
ODg¢yq = 0.8-1.0) grown in 30 g/L NaCl at pH 7.5, 9.0 and
11.0 were collected. RNA was extracted from H. alkalicola
CICC 11012s using the TRIzol-based method. Reverse tran-
scription and gDNA removal were done with TransScript
All-in-One First-Strand cDNA Synthesis SuperMix for
gPCR (Transgen Biotech, Beijing, China). The expression of
HaNhaD, HaNhaP, HaPhaD and HaMrpD were quantified
with real-time PCR on an ABI Prism 7500 System (ABI,
Carlsbad, USA) using TransStart Green qPCR SuperMix
(Transgen Biotech, Beijing, China). The 16S rRNA gene
was used as a standard.
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Results
Tolerance to alkalinity and salinity

Triplicate growth tests were performed in 96-well plates
with various pH values (7.0-12.0) and NaCl concentra-
tions (0-60 g/L). As shown in Fig. 1, H. alkalicola CICC
11012s could tolerate a wide pH range, from pH 7.0 to
12.0, indicating the evolution of special adaptive mecha-
nisms for high alkalinity. The species of genus Halomonas
can generally withstand high salinity; however, strain
CICC 11012s did not survive in a high salt environment.
The growth of strain CICC 11012s in optimal conditions
(pH 9.0 and 30 g/L NaCl) enabled genome and expression
analysis.

Genome sequence and annotation

The genome sequence of H. alkalicola CICC 11012s has
been deposited in NCBI database under accession num-
ber SRP 102919. Shotgun genome sequencing by Illu-
mina HiSeq 2000 produced a total of 9,703,192 reads
and 1288 Mb of data. Based on the assembly, the genome
of H. alkalicola CICC 11012s is 3,511,738 bp and had a
GC content of 67.67%. The number of scaffolds was 142
and the number of contigs was 243. No plasmids were
found. Glimmer predicted 3295 coding sequences, with
the total length of genes being 3,105,471 bp and represent-
ing 88.37% of the genome. The specific gene information,

11.0-

0 10 20 30 40 50 60

salinity (g/L)

Fig. 1 Heat maps of growth tests for H. alkalicola CICC 11012s cul-
tured in TSB with different pH (7.0-12.0) and salinity (0-60 g/L) val-
ues. The color bar at the right denotes the ODy, value of growth tests

@ Springer

predictions of repeat regions and non-coding RNA are
listed in Fig. 2 and Table 2.

The COGs, KEGGs and non-redundant protein data-
bases were used to annotate the predicted genes. Proteins
were divided into twenty bins according to their functions
in the COG database (Table 3). The adaptive strategies
for bacteria in response to alkaline stress includes regulat-
ing cell wall structure and membrane lipid composition;
improving membrane transport and bioenergetics activi-
ties; and promoting metabolic alterations to generate acids.
Genome analysis indicated that the complete cell wall and
plasma membrane lipid biosynthesis pathways, involving
more than 200 genes, were found in strain CICC 11012s.
Interestingly, genome analysis also identified a special
pathway for teichuronic acid biosynthesis, which is usu-
ally present in Gram-positive bacteria, and unsaturated
fatty acid biosynthesis pathways, which improves mem-
brane fluidity and increases stress tolerance. Furthermore,
134 genes associated with ATPase activities and 57 genes
involved in cytochrome action in the respiratory chain
were annotated, thereby enabling energy production to
deal with changing surroundings. An additional 17 genes
were identified that encode deaminases, such as cytosine
deaminase, L-serine deaminase, D-serine deaminase and
adenosine deaminase, which produced acids that lowered
intracellular pH in alkaline environments. Most impor-
tantly, four kinds of antiporters (HaNhaD, HaNhaP, HaPha
and HaMrp) that played a crucial role in handling alkaline
stress were identified by genome annotation.

Sequence analysis of four cation/proton antiporters

HaNhaD was homologous to NhaD antiporters from Halo-
monas shengliensis and Halomonas elongata with 89 and
87% sequence similarities, respectively. HaMrp was an anti-
porter complex that contains seven MrpA-G units, in which
MrpA and MrpD were major components and might play
an important role in sodium proton exchange. HaMrpD had
86% sequence identity with that from Halomonas dagingen-
sis. HaNhaP was a putative K*/H" antiporter and showed
86, 85 and 84% sequence similarities with NhaP from H.
dagingensis, Halomonas aquamarina and Halomonas pan-
telleriensis, respectively. HaPha was similar to HaMrp and
also composed of six units (PhaC-G and PhaA/B that were
predicted as PhaA or PhaB), the difference being that HaPha
was responsible for potassium efflux and proton influx. PhaD
was the core unit and shared 81% identity with that from
H. dagingensis. The specific sizes and arrangements of
these antiporter genes or gene clusters within the genome
were shown in supplemental Fig. 1. The GenBank acces-
sion numbers of HaMrpD, HaNhaD, HaNhaP and HaPhaD
were MF488960 to MF488963 deposited in NCBI database.
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Fig.2 Circular genome map

of H. alkalicola CICC 11012s.
From inner to outer: 1, GC skew
(GC Skew is calculated using

a sliding window, as (G — C)/
(G + C), with the value plot-
ted as the deviation from the
average GC skew of the entire
sequence); 2, GC content (plot-
ted using a sliding window, as
the deviation from the aver-
age GC content of the entire
sequence); 3, tRNA/TRNA; 4
and 5, CDS (colored according
to COG function categories,
where 4 is the reverse strand
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Table 2 Genome statistics of . » i e Value Attribute Value
alkalicola CICC 11012s
Genome size (bp) 3,514,327 Tandem repeat number 306
GC content (%) 67.66 Total length (bp) 16,228
DNA scaffolds 142 Repeat size (bp) 6-222
DNA contig 243 Tandem repeat length/genome (%) 0.4618
Genes number 3295 rRNA number 2
Total length (bp) 3,105,471 tRNA number 57
Gene length/genome (%) 88.37 SRNA number 0
Minisatellite DNA number 221 Microsatellite DNA number 16

The functions of four cation/proton antiporters

HaNhaD, HaNhaP, HaPhaD and HaMrpD were amplified
and ligated into cloning vector pUC19. To confirm the anti-
porter function, the recombinant plasmids were expressed
in antiporter-deficient E. coli KNabc and E. coli TK2420. E.
coli KNabc and E. coli TK2420 recombinants carrying only
pUC19 were used as controls.

To explore Na' and Li* transport capabilities, all E.
coli KNabc strains mentioned above were grown in LBK

medium with various NaCl and LiCl concentrations rang-
ing from 0 to 600 mM. Results revealed that E. coli KNabc
(pUC19-HaNhaD) and E. coli KNabc (pUC19-HaMrpD)
exhibited enhanced Na% tolerance in the presence of
100-500 mM NaCl over E. coli KNabc (pUC19), thereby
indicating that these two antiporters are mainly responsi-
ble for Na*/H* exchange (Fig. 3a). Furthermore, E. coli
KNabc (pUC19-HaNhaD) grew better than E. coli KNabc
(pUC19-HaMrpD) in 200-600 mM NaCl and it was the
only strain that was able to tolerate Li* even up to 500 mM
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Table 3 Genome annotation of H. alkalicola CICC 11012s

Description Value %

Cell cycle control, cell division, chromosome partition- 46 1.5
ing

Cell motility 36 1.1

Cell wall/membrane/envelope biogenesis 192 6.1

Defense mechanisms 107 34

Extracellular structures 19 0.6

Intracellular trafficking, secretion and vesicular transport 34 1.1

Posttranslational modification, protein turnover, chap- 149 4.7
erones
Signal transduction mechanisms 162 52
Chromatin structure and dynamics 4 0.1
Replication, recombination and repair 138 44
RNA processing and modification 1 0.0
Transcription 188 6.0
Translation, ribosomal structure and biogenesis 238 7.6
Amino acid transport and metabolism 271 8.8
Carbohydrate transport and metabolism 140 45
Coenzyme transport and metabolism 189 6.0
Energy production and conversion 211 6.7
Inorganic ion transport and metabolism 186 59
Lipid transport and metabolism 155 49
Mobilome: prophages, transposons 57 1.8
Nucleotide transport and metabolism 82 2.6
Secondary metabolites biosynthesis, transport and 81 2.6
catabolism
Function unknown 187 6.0
General function prediction only 263 8.4

(Fig. 3b). In contrast, the Na* and Li* resistance tests did not
reveal any difference between E. coli KNabc (pUC19-HaN-
haP), E. coli KNabc (pUC19—HaPhaD) and E. coli KNabc
(pUC19) (Fig. 3a, b), which suggested that HaNhaP and
HaPhaD antiporter activities were not associated with
sodium.

E. coli TK2420 strains expressing the four antiporters
were selected to test K* transport in minimal medium using
various KCl concentrations from 0 to 100 mM. The expres-
sion of HaNhaP and HaPhaD resulted in weak growth of
recombinant E. coli TK2420, compared with the control, at
low potassium concentrations (0-40 mM; Fig. 3c), which
implied that HaNhaP and HaPhaD were capable of export-
ing potassium. Moreover, E. coli TK2420 (pUC19-HaN-
haD) showed remarkable growth in the presence of 20 mM
potassium, indicating that HaNhaD contributes to potassium
import; however, no difference was detected between E. coli
TK?2420 (pUC19-HaMrpD) and E. coli TK2420 (pUC19).

The influence of pH on the four antiporters was assessed
using LBK medium, with 100 mM NaCl at different pH
values. When compared to the control, E. coli KNabc
(pUC19-HaNhaD) exhibited better complementation under

@ Springer

acidic, neutral and alkaline conditions; however, HaMrpD
expression supported growth of the antiporter-deficient E.
coli strain only in neutral and alkaline conditions. Further-
more, no difference was detected between E. coli KNabc
(pUC19-HaNhaP), E. coli KNabc (pUC19—HaPhaD) and
E. coli KNabc (pUC19) at pH 6.0-9.0 (Fig. 3d).

Expression analysis in H. alkalicola CICC 11012s

The optimal growth conditions for strain CICC 11012s were
pH 9.0 and 30 g/L NaCl. Cells grown to mid-logarithmic
phase at pH 7.5, 9.0 and 11.0 in 30 g/L. NaCl were collected
and RNA was extracted for expression analysis. Real-time
PCR analysis shows that the four antiporter genes were up-
regulated with pH augmentation. HaNhaD exhibited high
expression at pH 9.0, whereas HaMrpD displayed maxi-
mum expression levels under pH 11.0. Similar results were
obtained for genes encoding K*/H* antiporter activities;
HaNhaP was up-regulated at pH 9.0 and HaPhaD showed
maximum activity at pH 11.0 (Fig. 4).

Discussion

To accommodate alkaline pH and high external osmotic
pressure, haloalkaliphiles have developed a series of mech-
anisms for cytoplasmic pH homeostasis and osmotic bal-
ance. They also have efficient energetic conversion systems
to support survival and propagation in harsh environments.
H. alkalicola CICC 11012s, isolated from a soap-making
tank (pH > 10), is a typical haloalkaliphile whose growth
requires 0.5 M of total Na* as the lowest limit and pH > 8.5
(Banciu and Muntyan 2015). A comparison of pH and NaCl
growth requirements between strain CICC 11012s and its
closest relatives is shown in Table 4. Interestingly, H. alka-
licola CICC 11012s is able to grow at pH 12.5, higher than
any other Halomonas strains; however, it has the lowest
observed Na* tolerance and cannot survive above 80 g/L
NaCl. The reasons for strain CICC 11012s’ survival in such
high pH intrigued us to further explore the mechanisms of
pH homeostasis.

In alkaline environments, membrane structure adjust-
ments, intracellular pH maintenance and cation concentra-
tions are important for bacteria. Whole genome sequences
reveal that H. alkalicola CICC 11012s has developed poten-
tial adaptive strategies to cope with severe environments.
For instance, strain CICC 11012s has developed complete
pathways, involving 192 genes, for cell wall biosynthesis.
Strikingly, a special pathway for teichuronic acid biosyn-
thesis, which is usually present in the cell wall components
of Gram-positive bacteria, was also found in strain CICC
11012s. Negative charges on teichuronic acid could give the
cell surface the ability to absorb sodium and protons, as well
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Fig.3 Complementation assays of four antiporters in E. coli KNabc
or E. coli TK2420 at different concentrations of NaCl, LiCl, KCIl
and different pH values. A, growth of E. coli KNabc recombinants
with four antiporters in LBK medium at NaCl concentrations ranging
from 0 to 600 mM; B, growth of E. coli KNabc recombinants with

8
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Fig.4 Expressions of H. alkalicola CICC 11012s antiporters genes
under alkaline environments
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four antiporters in LBK medium at LiCl concentrations ranging from
0 to 600 mM; C, growth of E. coli TK2420 with four antiporters in
minimum medium at various KCI concentrations ranging from 0 to
100 mM. D, growth of E. coli KNabc recombinants with four anti-
porters in LBK medium at different pH values

as repulse hydroxide ions, thereby enabling the cell to grow
in an alkaline environment (Aono 1987). Four genes encod-
ing 3-hydroxyacyl-CoA dehydrogenases were annotated.
These dehydrogenases are involved in fatty acid elongation
to form unsaturated fatty acids with lower melting tem-
peratures, thus improving membrane fluidity and increas-
ing stresses tolerance (Banciu et al. 2005). A pathway for
squalene biosynthesis also was detected. These products are
located in the cell membrane and increase alkaline tolerance
by compacting the bilayer to lower cation and proton perme-
ability (HauB et al. 2002).

Plasma membrane lipids and fatty acid components are
also important for bacteria to cope with adverse conditions.
Five cardiolipin synthases were identified in the genome.
Cardiolipin plays a significant role in stabilizing respira-
tory chain components that assist in cytochrome ¢ oxidase
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Table 4 Growth conditions and
cation proton antiporters of H.
alkalicola and its relatives

Strains®

pH range (optimum)

Monovalent cation
proton antiporters

NaCl range (%) (optimum)

Halomonas alkalicola 7.0-12.5 (9.0-10.0)  0-8 (0-2) NhaD, Mrp, NhaP, Pha
Halomonas elongata 5.0-9.0 (-) 3.5-20 (3.5-8) NhaD, Mrp, NhaP
Halomonas campaniensis 7.0-10.0 (9.0) 0-16 (10) NhaD, Mrp, NhaP, Pha
Halomonas shengliensis 8.0-9.0 (8.5) 0-15 (5-15) NhaD, Mrp, NhaP, Pha
Halomonas huangheensis 5.0-12.0 (7.0) 1-20 (7-10) NhaD, Mrp, NhaP
Halomonas korlensis 6.0-10.0 (8.5-9.0) 0.5-25 (6-10) NhaD, Mrp, NhaP, Pha
Halomonas saccharevitans  6.0-10.0 (7.0-8.0) 0.5-15 (3-7.5) NhaD, Mrp, Pha

Mrp Mrp Operon (MrpA-G), Pha Pha Operon (MrpA-G); — not reported

4Growth data were from literature: Halomonas alkalicola (Tang et al. 2017); Halomonas elongata (Vree-
land et al. 1980); Halomonas campaniensis (Romano et al. 2005); Halomonas shengliensis (Wang et al.
2007); Halomonas huangheensis (Miao et al. 2014); Halomonas korlensis (Li et al. 2008a); Halomonas

saccharevitans (Xu et al. 2007)

activity (Arias-Cartin et al. 2012), alkaliphilic adaptation
(Krulwich 2006) and salt-stress response (De et al. 2009).
Over 100 genes associated with ATPases and cytochromes,
including cytochrome c oxidase, were identified, indicating
that the strain has the potential to regulate energetic systems
in extreme surroundings (Sorokin et al. 2013).

It is well known that monovalent cation/proton antiporters
play an indispensable role in pH homeostasis. Antiporters of
H. alkalicola, and its relatives, were searched in the genome
profiles. Like other Halomonas members, H. alkalicola har-
bors proficient antiporters, such as NhaD, Mrp, NhaP and
Pha (Table 3), to tolerate high alkalinity. To investigate the
function of the four antiporters in response to alkalinity,
HaNhaD, HaNhaP, HaPhaD and HaMrpD were expressed
in antiporter-deficient E. coli KNabc and E. coli TK2420.
Complementation assays indicate that HaNhaD and HaMrp
are mainly responsible for Na* and H* exchange, while
HaNhaP and HaPhaD exhibit K*/H* antiporter activities.

The Na™* cycle is crucial for pH homeostasis; however,
intracellular Na® accumulation might be toxic to bacteria.
Results demonstrate that HaNhaD is able to complement
antiporter-deficient E. coli KNabc and confers Nat and Li*
tolerance to strain CICC 11012s, thereby indicating that
HaNhaD is mainly responsible for Na* and H* exchange.
Meanwhile, HaNhaD exhibited antiporter activity in E. coli
KNabc under acidic, neutral and alkaline conditions, with
higher optical density maxima than other antiporters. HaN-
haD was also up-regulated at high alkalinity, implying that it
is the most significant H. alkalicola CICC 11012s antiporter.

The full-length HaNhaD nucleotide sequence is 1485 bp
in length and is predicted to encode a protein of 494 amino
acids with a molecular weight of 54 kDa. Amino acid
sequence analysis shows that HaNhaD has the highest
homology to NhaD from H. shengliensis and H. elongata
with 89 and 87% similarities, respectively. Transmembrane
topology predictions using online software HMMTOP indi-
cate that HaNhaD has fourteen transmembrane helices that

@ Springer

are characteristic of NhaD-type antiporters (Tusnidy and
Simon 2001). Furthermore, it possesses the conserved Asp
(358) and Thr (359) residues (Fig. 5), which are crucial for
the activity of antiporters in the NhaD family (Ostroumov
et al. 2002). In addition, HaNhaD has a highly variable
region at the N-terminus that is predicted to confer different
pH and Na® tolerances to bacteria. Further research focus-
ing on HaNhaD-deficient mutants and HaNhaD structures
is required.

The HaMrp complex, a Na*/H* antiporter composed of
HaMrp A-G subunits, is similar to Mrp from the alkaliphilic
Bacillus strains, which have MrpA and MrpD as major subu-
nits (Morino et al. 2008). Complementation and expression
profiles reveal that HaMrpD functions in neutral and alka-
line environments and achieves its highest expression level
at pH 11.0, indicating that HaMrp probably participates in
pH adjustment mainly under alkaline conditions. This might
be an economic way for bacteria to handle harsh surround-
ings, such as high alkalinity and salinity. When strain CICC
11012s was subjected to alkaline condition, HaNhaD was
likely triggered first because HaNhaD is encoded by a single
gene and is easily up-regulated by bacteria. As pH increases,
HaNhaD alone cannot handle the increase in protons; thus
the HaMrp antiporter complex begins promoting the influx
of protons in exchange with sodium. As a result, HaNhaD
and HaMrp work together to regulate intracellular pH home-
ostasis and Na* resistance in response to extreme alkalinity
and salinity.

Potassium is another major monovalent cation involved
in bacterial regulation of intracellular pH, enzyme activa-
tion and osmolality, as it is an important osmotic solute.
Like sodium, excessive amounts of intracellular K* are detri-
mental to bacteria (Epstein 2003). Complementation assays
reveal that HaNhaP and HaPhaD are mainly responsible for
K*/H* antiporter activity. Although the expression levels
of HaNhaP and HaPhaD were lower than that of HaNhaD
and HaMrpD, a similar mechanism was detected in K*/H"
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Fig.5 Multiple alignment of amino acids sequences of HaNhaD with
NhaD-type antiporters of other y-proteobacteria. HaNhaD, H. alka-
licola; HeNhaD, H. elongata; HcNhaD H. campaniensis; HsNhaD,

antiporter regulation. HaNhaP exhibits potassium and pro-
ton exchange abilities in neutral and alkaline environments,
whereas HaPhaD plays a role in high alkalinity.

In summary, the genome of strain CICC 11012s, a dou-
ble extremophile isolated from a soap-making tank, was
sequenced and analyzed. Results show that this strain has
developed a complete set of adaptive strategies in response
to extreme alkalinity and salinity. Adjustments to the cell
wall structure and plasma membrane lipid composition
allow CICC 11012s to more easily adapt to harsh surround-
ings. Strikingly, four antiporters associated with Na*/H* and

H. shengliensis; HhNhaD, H. huangheensis; HkNhaD, H. korlensis;
HscNhaD, H. saccharevitans; HspNhaD, H. sp. Y2; AaNhaD, A.
amylolytica

K*/H™ tolerance were characterized. Results indicate that
these four antiporters exhibit different physiological roles in
different situations and work together to support the propa-
gation of the strain in alkaline and saline environments.
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