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Abstract

The halophilic archaea (haloarchaea) live in hyersaline environments such as salt lakes,
salt ponds and marine salterns. To cope with the salt stress conditions, haloarchaea have
developed two fundamentally different strategies: the "salt-in" strategy and the "compatible-
solute" strategy. Although investigation of the molecular mechanisms underlying the toler-
ance to high salt concentrations has made outstanding achievements, experimental study
from the aspect of transcription is rare. In the present study, we monitored cellular physiol-
ogy of Natrinema sp. J7-2 cells incubated in different salinity media (15%, 25% and 30%
NaCl) from several aspects, such as cellular morphology, growth, global transcriptome and
the content of intracellular free amino acids. The results showed that the cells were polymor-
phic and fragile at a low salt concentration (15% NaCl) but had a long, slender rod shape at
high salt concentrations (25% and 30% NaCl). The cells grew best in 25% NaCl, mediocre
in 30% NaCl and struggled in 15% NaCl. An RNA-seq analysis revealed differentially
expressed genes (DEGs) in various salinity media. A total of 1,148 genes were differentially
expressed, consisting of 719 DEGs (348 up-regulated and 371 down-regulated genes)
between cells in 15% vs 25% NaCl, and 733 DEGs (521 up-regulated and 212 down-regu-
lated genes) between cells in 25% vs 30% NaCl. Moreover, 304 genes were commonly dif-
ferentially expressed in both 15% vs 25% and 25% vs30% NaCl. The DEGs were enriched
in different KEGG metabolic pathways, such as amino acids, glycerolipid, ribosome, nitro-
gen, protoporphyrin, porphyrin and porhiniods. The intracellular predominant free amino
acids consisted of the glutamate family (Glu, Arg and Pro), aspartate family (Asp) and aro-
matic amino acids (Phe and Trp), especially Glu and Asp.

Introduction

The discovery of Archaea as a distinct domain of life occurred in the late 1970s [1-3], since
then the research about the unique community has flourished, particularly in the ecology of
extremophiles [4]. Archaea are the prokaryotic microbes generally living in extreme environ-
ments, including high or low pH, low oxygen content, temperature and high salinity. Among
them, the halophilic archaea (haloarchaea, belonging to the Halobacteriaceae family), inhabit
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saline environments, such as salt lakes, salt ponds, marine salterns, and even hypersaline envi-
ronments with NaCl concentrations up to saturation [5]. It is well known that cell membranes
are permeable to water, cells cannot maintain the water activity of their cytoplasm higher than
that of the surroundings, particularly in high ion environments, which would lead to a rapid
loss of intracellular water. To cope up with the adverse environments, haloarchaea have to
maintain the cytoplasm at least isoosmotic with the extracellular environments [6]. Physiologi-
cal study of haloarchaea has revealed two fundamentally different strategies by which these
microorganisms achieve osmotic equilibrium: (a) the "salt-in" strategy which involves accumu-
lation of equimolar concentrations of inorganic ions in the cytoplasm and (b) the "compatible-
solute" strategy which involves the accumulation of highly organic compatible solutes.

Organisms employing the salt-in strategy selectively uptake K" and Cl” ions inside the cyto-
sol so as to maintain the ionic concentration in the cell equivalent or higher than the external
environment [7]. These organisms have a predominance of acidic charged proteome with pro-
teins containing most of their negative charges on their surface [8]. The compatible-solute
strategy is broadly known in Domain Archaea, Bacteria, as well as Eukarya. Organisms accu-
mulate organic solutes by uptake from environments or de novo synthesize organic com-
pounds like sugars and polyols, amino acids and their derivatives, and compatible solutes for
protection against salinity stress [9-15]. However, Halobacterium sp. NRC-1 was reported that
it not only accumulated potassium ion in cytoplasm under osmotic stress, but also accumu-
lated other compatible solutes [16]. In addition, further studies have also displayed that the
lipid composition and protein glycosylationof haloarchaea were affected by the salinity in their
natural settings [4, 17,18].

Halobacterium sp. NRC-1, a model of halophilic archaea, was extensively investigated the
physiological responses to salt stress from the biochemical and molecular aspects [8, 16,19
22]. The results showed that growth under salt stress conditions resulted in modulation of
genes coding for ion transporters (including potassium, phosphate, iron transporters, as
well as some peptide transporters and stress proteins) [19] and accumulation of compatible
solutes (glycine betaine and glutamate) [16]. Although insights into the mechanisms of
haloarchaeal adaptation to salt stress have been obtained, there have been few studies
regarding transcriptional profiling of salt tolerance mechanisms in extremely halophilic
archaea [5, 19, 23, 24]. In the present study, we conducted a comprehensive physiological
detection in Natrinema sp. J7-2 under salt stress conditions to reveal the molecular mecha-
nisms related to the halo-adaptation of extreme haloarcheae. Natrinema sp. J7-2 is an
extremely halophilic archaeon isolated from a salt mine in China [25]. Its genome was
sequenced, and the whole genome was composed of a 3,697,626-bp chromosome and a
95,989-bp plasmid pJ7-1 [26].

Materials and methods
Strain, media, and growth conditions

Natrinema sp. J7-2 cells were grown aerobically at 37°C in different media (180 r/min). With
the exception of the NaCl concentration, all media contained the same components, including
(per liter) 30 g of MgCl,.6H,0, 2 g of Bacto yeast extract (Difco laboratories, Detroit, USA),
2.5 g of lactalbumin hydrolysate (Difco laboratories, Detroit, USA), and 80 ml of 1 mol/L Tris-
HCI (pH 7.2). The media contained various amounts of NaCl (per liter) 150 g, 250 g, or 300 g,
which were designated as a percentage of the corresponding medium, e.g., 15%, 25% and 30%
NaCl. Cells incubated in 15%, 25% and 30% NaCl were designated as Nat_15, Nat_25 and
Nat_30, respectively.
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Sample collection and estimation of colony forming units

Natrinema sp. J7-2 cells were incubated in 15%, 25% and 30% NaCl for 26 h, they were in
early, middle and early logarithmic phase, respectively. Eight equivalent samples from each
medium were collected and centrifuged (13,523 x g for 6 min; Eppendorf 5424R, Hamburg,
Germany). The supernatant was removed, and the pellets were collected for subsequent experi-
ments or immediately frozen at -80°C until use. Two equivalent samples were used for electron
microscopy, and the remaining six samples were divided into two groups, one for RNA extrac-
tion and the other for an amino acid assay. At the same time, the colony forming units (CFU)
per ml of cells in different salinity were determined using a dilution plate method.

Electron microscopy

Samples for thin-section electron microscopy (HITACHI-HT 7700, Hitachi High-Tech,
Tokyo, Japan) were prepared according to a previously described method [27]. Samples for
scanning electron microscopy (HITACHI S-3000N, Hitachi High-Tech, Tokyo, Japan) were
done according to the previous protocol with modification [28], instead of 2.5% glutaralde-
hyde in 0.2 mol/L phosphate buffer using 2.5% glutaraldehyde in NaCl solution with the
NacCl concentration identical to that of the corresponding media during the process of
immobilization.

RNA extraction and quality assessment

The RNeasy™ plus Mini Kit with genomic DNA eliminator columns (Qiagen GmbH, Hilden,
Germany) was used to extract the total RNA. RNA contamination (contaminated by genomic
DNA) and degradation was analyzed on 1% agarose gels. The purity, concentration, and integ-
rity of the RNA were assessed with a Nano Photometer™ spectrophotometer (Implen, CA,
USA), a Qubit®™ RNA Assay Kit using a Qubit® 2.0 Fluorometer (Life Technologies, CA,
USA) and a Nano 6000 Assay Kit with the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA), respectively.

Library preparation for strand-specific transcriptome sequencing

The MICROBExpress™ Bacterial mRNA Enrichment Kit (Ambion, USA) was used to enrich
the mRNA from the total RNA according to the operating manual. A total amount of 3 pg
purified RNA per sample was used to construct library. The protocol for preparing a cDNA
library was according to a previously described method [29]. The products were purified
(AMPure XP system, Beckman, USA) and the library quality was assessed using an Agilent
Bioanalyzer 2100 system (Agilent, USA). The clustering of samples was performed on a cBot
Cluster Generation System using a TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to
the manufacturer’s instructions. After cluster generation, the library preparations were
sequenced on an Illumina Hiseq 2000 platform, and 100 bp paired-end reads were generated.
All sequence data have been deposited in the Short Read Archive at the NCBI database under
the projection accession number SRP093096.

Quality control

Clean reads were obtained by removing the reads containing adapters, poly-N and low quality
reads from raw data. At the same time, the contents of Q20, Q30, and GC were calculated. All
of the downstream analyses were based on clean, high quality reads. The software Bowtie
2-2.06 was used to match the clean reads with a reference genome (NC_018224.1).
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Differential expression analysis of transcripts

HTSeq v0.5.4p3 was used to count the number of reads mapped to each gene [30]. The RPKM
(Reads Per Kilobase of exon model per Million mapped reads) of each gene was calculated
based on the length of the gene and reads count mapped to that gene, considering the effect of
the sequencing depth and the gene length for the reads count at the same time, and it is cur-
rently the most commonly used method for estimating gene expression levels [31]. Prior to the
differential gene expression analysis, the read counts for each sequenced library were adjusted
by the edgeR program package through one scaling normalized factor. A differential expres-
sion analysis of two conditions was performed using the DEGSeq R package [32]. A corrected
P-value of 0.005 and log2 (fold change) of 1 were set as the threshold for significantly differen-
tial expression.

KEGG enrichment analysis of DEGs

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database resource for understand-
ing high-level functions and utilities of a biological system (http://www.genome.jp/kegg/),

the KOBAS software was used to test the statistical enrichment of DEGs in KEGG pathways
[33, 34].

Quantitative real-time RT-PCR assays

A total of six genes that differentially expressed and related to the S-layer and energy metabo-
lism of Natrinema sp. J7-2 in the RNA-seq analysis were selected for further validation using
real-time RT-PCR. Real-time RT-PCR primers were designed by software Primer Premier 5.0
and synthesized by Invitrogen (Invitrogen, Shanghai) (SI Table). Each 20yl reaction included
1ul of total RNA, 0.5 umol L™ of each primer, 1.2 ul TakaRa Ex Taq HS Mix, 0.4 ul PrimeScript
PLUS RTase Mix, and 10yl of 2x One step SYBR RT-PCR Bulffer 4 (Roche). The reactions
were subjected to reverse transcription at 42°C for 5 min, and 94°C for 10 s, then followed by
40 cycles each of 94°C for 5 s, 60°C for 25 s. The protocol concluded with a melting curve pro-
gram using increasing increments of 0.5°C (10 s each; 68°C-99°C). Each gene was quantified
relative to the calibrator. Calculations were made using the instrument and equation 24"
[35].

Amino acid extraction and quantification

Sample pellets were extracted with 70% ethanol (4: 1 ethanol to pellets volume), as previously
described [36]. After ethanol removal and the lyophilization of the remaining solution, the
sample was resuspended in D,0 (0.5 ml). If the sample was cloudy, centrifugation to remove
any particulate material was required (13,523 x g for 10 min at 4°C; Eppendorf 5424R, Ham-
burg, Germany). The content of each free amino acid (FAA) was analyzed on a Waters 2690
HPLC (Waters, USA) according to a previously described method [37]. Statistical analysis was
performed using the Origin 8.0 software.

Results and discussion
Morphologies and growth of incubated in different salinity media

Salinity is a key factor for halophilic organisms that regulates their growth and preserves their
cellular structure. Natrinema sp. J7-2 cells were incubated in 15%, 25% and 30% NaCl for 26 h,
and the cell morphologies was evaluated by scanning electron microscopy; the results are
shown in Fig 1. The morphology of the cells incubated in 15% NaCl was polymorphic

(Fig 1A), with spherical, irregular and short rod shapes. As far as the shape of the whole cells
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Fig 1. Electron micrographs of Natrinema sp. J7-2 cells in media of different salinities. A, B, and C
indicate the morphology of cells incubated in 15%, 25% and 30% NaCl media, respectively; the magnification
is 10,000-fold; Bar, 5 um. D, E and F represent the thin-section electron microscopy of the cells cultured in
15%, 25% and 30% NaCl; the magnification is 7,000-fold; Bar, 1um.

https://doi.org/10.1371/journal.pone.0184974.9001

was concerned, no obvious morphological differences were noted between cells incubated in
25% and 30% NaCl—most cells were long slender rods (Fig 1B and 1C). Our results were simi-
lar to the previous report [38] that showed that, in a low enough salt concentration, haloarch-
aeal cells ceased to grow and the long slender rods assumed irregular and finally spherical
shapes before ultimately lysing. Fendrihan et al [39] also reported that the morphology of halo-
philic archaea was correlated with exposure to different water activity. Thin-section electron
microscopy showed that the boundary of cells in 15% NaCl were fuzzy; however, those in 25%
and 30% NaCl cellular boundary was clearly evident in 25% and 30% NaCl (Fig 1D, 1E and
1F). These findings suggested that Natrinema sp. J7-2 cells in 15% NaCl were more fragile than
those at high salinity (25% and 30% NaCl) (data shown in S1 Fig). We inferred that the fragility
of the cells resulted from the alteration of the cellular envelopes under low salinity. It was
previously reported that haloarchaeal surface-layer (S-layer) glycoproteins were post-transla-
tionally modified to adapt to natural environmental salinity [18, 40-42], which affects the
structure and composition of the S-layer of haloarchaea. We posited that this phenomenon
also occured in Natrinema sp. J7-2. In addition, we inferred that the membrane lipid of Natri-
nema sp. J7-2 would also be altered when cells were grown in different salinity media and
subsequently affected the stability of cells. Previously, Kellermann et al and Dawson et al dem-
onstrated that the glycerolipid composition of haloarchaea changed under stressful conditions
such as critical low or high level of Na* concentration [4, 43].

Plate dilution coating was employed to monitor the growth of Natrinema sp. J7-2 cells at
different salinities. The CFU/ml were 1.013x10” (15% NaCl), 2.18x10% (25% NaCl) and
2.33x107(30% NaCl), which suggested that the salinity affected the growth of the cells.

lllumina draft reads and quality control

A paired-end sequencing assay was carried out with an Illumina Hiseq 2000 platform, and 100
bp paired-end reads were generated. The average clean bases in the libraries of three samples
(cells in 15%, 25% and 30% NaCl) was more than 1.3Gb (the genome of Natrinema sp. J7-2 is
3.79361 Mb). Q20 (> 94%) and Q30 data (84%), the GC content (approximately 64%) and the
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mapping rate of clean bases (>99%) were satisfactory for subsequent analysis. The quality con-
trol data and the mapping rate of clean data were shown in S2 and S3 Tables.

DEGs of Natrinema sp. J7-2 cells in different salinity media

To better survey the physiological characteristics of Natrinema sp. J7-2 cells in different salini-
ties, the DEGs were identified (q value < 0.005 and [log2 (fold change) >1). A comparison of
gene expression showed that a total of 1,148 genes were differentially expressed in cells incu-
bated in the three different salinity conditions (Fig 2A), containing 719 (348 up and 371 down)
DEGs between cells in 15% vs 25% NaCl, and 733 (521 up and 212 down) between cells in 25%
vs 30% NaCl. Moreover, 304 genes were commonly differentially expressed in both 15% vs
25% and 25% vs30% NaCl (Fig 2A). To provide a more intuitive viewpoint, the distribution of
DEGs of cells in media of different salinities is shown in Fig 2B and 2C. The volcano plots indi-
cate that the distribution interval of the [log 2 (fold change)| of the DEGs was concentrated
between 1 and 4, and only a small part of DEGs were outside of this region. In general, the
Venn diagram and volcano plots present the DEGs at the transcript level, which reflects the
differences in their physiological and biochemical characteristics.

KEGG pathway analysis of DEGs

To identify the active biochemical pathways of the DEGs, a KEGG pathway analysis is useful
for understanding the biological function in media of different salinities. Fig 3 list the top 20
enriched pathways and the most typically enrich pathways (p < 0.05) with their related genes
are shown in Table 1. Comparing the enriched pathways in Fig 3A and 3B, half were identical,
encompassing amino acids, porphyrin and chlorophyll (function related to protoporphyrin,
porphyrins and porphinoids), sulfur, nitrogen, and glycerolipid metabolism and ABC trans-
porters, nutrient and energy metabolism.

According to the degree of enrichment of a DEG per KEGG, the most typically enriched
pathways of DEGs of cells incubated in 15% vs 25% NaCl are listed in Table 1 and consist of
Ala, Asp and Glu metabolism, Phe metabolism, beta-Alanine metabolism, porphyrin and chlo-
rophyll metabolism, glycerolipid metabolism, Arg and Pro metabolism, ribosome and nitrogen
metabolism. The most typically enriched pathways of DEGs in cells incubated in 25% vs 30%
NaCl are listed in Table 2 and include porphyrin and chlorophyll metabolism, purine

g 300 iBi .- 300 :CIT :
B e i
g i
200
z
E
' 100
2.3- - - e AL
4 11 4 4 11 4
Log,(fold change) Log,(fold change)

Fig 2. The DEGs of Natrinema sp. J7-2 cells in media of different salinities. A, Venn diagram for the
comparisons of the DEGs of cells; the red circle represents the DEGs in 15% vs 25% NaCl and the blue
circles in 25% vs 30% NaCl. B and C are volcano plots that describe the distribution of the DEGs in 15% vs
25% NaCl and 25% vs 30% NaCl; the red dots are up-regulated genes; the green dots are down-regulated
genes; the blue dots indicate genes with no obvious differences.

https://doi.org/10.1371/journal.pone.0184974.g002
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Fig 3. KEGG pathways of DEGs. A, cells in 15% vs 25% NaCl; B, cells in 25% vs 30% NaCl. The rich factor represents the degree of
enrichment of DEGs in a pathway; the size of a dot indicates the number of DEGs, the color represents the region of the g-value—the closer
to zero, the more highly significant.

https://doi.org/10.1371/journal.pone.0184974.9003

metabolism, Phe metabolism, Ala, Asp and Glu metabolism. Furthermore, amino acid metab-
olism occupied half of the metabolic pathways identified, including Trp, His, Phe, Arg and
Pro, Ala, Asp and Glu metabolism.

The above results showed that a marked difference in cellular transcript levels occurs when
Natrinema sp. J7-2 cells were cultured in different salinities. As for the difference in glyceroli-
pid metabolism (Fig 3A), we think that it plays a role in membrane production and homeosta-
sis of Natrinema sp. J7-2, which supports our hypothesis that the saline-dependent fragility of
Natrinema sp. ]J7-2 cells resulted from the alteration of membrane lipid.

Quantitative real-time validation of DEGs

To confirm the DEGs in KEGG pathways by RNA-seq, the relative abundances of the selected
mRNA were assayed using real-time RT-PCR. Six genes related to the S-layer and energy
metabolism of Natrinema sp. J7-2 (S1 Table) were selected for further validation. As shown in
Fig 4, the genes follow the same trend, which indicated the high quality and reliability of the
RNA-seq data analysis, although qRT-PCR is more sensitive, due to the specific primers used
for the genes, compared to RNA-seq [44].
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Table 1. KEGG pathway analysis of DEGs (Nat_15 vs Nat_25).

Metabolism KEGG_ID/KO*
Downregulated genes Upregulated genes
Ala, Aspand Glu | nat: NJ7G_0685, 1314, 1637, 2607, 3072, 3447, 3448 nat: NJ7G_1211, 1599, 1939, 1940, 1943, 2460,
2673,
Phe nat: NJ7G_ 1211, 1899, 1908,1914, 1915,1916,
3496
beta-Ala nat: NJ7G_0204, 1012 nat: NJ7G_ 1141, 1940, 1943, 4348,
Porphyrin and nat: NJ7G_ 2498 nat: NJ7G_1621, 1624, 1625, 3564, 3565, 3566,
chlorophyll 3567, 3568, 3569, 3573, 3582
Glycerolipid nat: NJ7G_ 0204, 1012 nat: NJ7G_1141,1713
Arg and Pro nat: NJ7G_ 0204, 1012, 0348, 0781, 1637, 2613 nat: NJ7G_1141, 1211, 1599, 1939, 1955, 2901,
2902
Ribosome nat: NJ7G_ 0309, 1154, 1155, 1156, 2050, 2051, 2052, 2053, 2054, 2056, nat: NJ7G_1674, 3054, 3055
2057, 2058,2061, 2063, 2070, 2071, 3130, 3133
Nitrogen nat: NJ7G_ 1637, 2607,3007 nat: NJ7G_1599, 1939, 2432

* KEGG ID or KO, the number of DEGs enriched in a KEGG pathway.

https://doi.org/10.1371/journal.pone.0184974.t001

Amino acid analysis

According to the KEGG pathway analysis of DEGs, amino acid metabolisms are the mainly
enriched pathway (Fig 3). Under salt stress conditions, amino acids often serve as an osmopro-
tectant for cells [14,16, 45]. Therefore, we detected the concentration of FAAs related to the
amino acid metabolism pathways and the results are shown in Table 3. The content of each
FAA was based on 5x10'° CFU. Statistically, a significant difference in the FAA concentration
of cells cultured in media of different salinities (P < 0.05, from a one-way ANOVA) was indi-
cated, and was identical with the KEGG pathway analysis of DEGs shown above. Taken
together, the lowest concentration of each FAA was present in cells incubated in 25% NaCl,
not in 15% or 30% NaCl, with the exception of Ala. Glu and Asp were the predominant amino
acids of all FAAs, followed by Phe, Arg, Trp, Ala and Pro. Histidine was not detected by
HPLC. We speculated that the concentration of His was below the detection limit. Beta-Ala
was also not detected because the HPLC method used was unable to distinguish a beta-amino
acid from an alpha-amino acid. In general, the result of the amino acids analysis by HPLC is
similar to that by RNA-seq.

Predominant FAAs consisted of the glutamate family (Glu, Arg and Pro), aspartate family
(Asp) and aromatic amino acids (Phe and Trp), especially Glu and Asp, as shown in Table 3.
Previously, Lanyi reported halophlic proteins of halophilism showed unique molecular adapta-
tion, including the presence of a large excess of acidic amino acids and small amounts of

Table 2. KEGG pathway analysis of DEGs (cells in Nat_25 vs Nat_30).

Metabolism KEGG_ID/KO
Downregulated genes Upregulated genes
Porphyrin and nat: NJ7G_ 0370, 0371, 0372, 1114, 2498, 3564, 3565, 3566, 3567, 3568, 3569, 3573, 3579, 3580,
chlorophyll 3581
Purine nat: NJ7G_1537 nat: NJ7G_1093, 1099,1314, 1934, 1568, 2034, 2164, 2239, 2725, 2802, 2916, 3022, 3069, 3123,
3420, 3443, 3822, 3964, 3965, 4041, 4042
Phe nat: NJ7G_ 1908, 1914, nat: NJ7G_0116, 1899, 3496
1915, 1916

Ala, Aspand Glu | nat: NJ7G_1599, 2460, 2607 | nat: NJ7G_1314, 1503, 2663, 2851, 3123, 3447, 3448, 4042
https://doi.org/10.1371/journal.pone.0184974.t1002
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Fig 4. Validation of DEGs by qRT-PCR. Six DEGs riched to the membrane lipid and energy metabolism from RNA-seq were selected to
validate by real-time PCR.

https://doi.org/10.1371/journal.pone.0184974.9004

Table 3. Concentration of free amino acids of cells incubated at different salinities.

Amino acid Amino acid concentration (mg/5x10'° CFU)

15% NaCl 25% NaCl 30% NaCl
Trp 0.25+0.02 0.011£0.0047 0.11+0.042
Phe 0.64+0.13 0.0023+0 0.09+0
Arg 0.54+0.25 0.071%0.01 0.78+0.14
Pro 0.049+0.02 0.021x0 0.17+0.061
Ala 0.049+0.01 0.03+0 0.23+0.09
Asp 0.64+0.21 0.11+0.06 3.04+0.27
Glu 14.85+3.6 0.39+0.14 3.44+0.35
His ND* ND ND

*ND, Not detectable.

https://doi.org/10.1371/journal.pone.0184974.t1003
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hydrophobic amino acids [46]; Kokoeva et al reported Halobacterium NRC-1accumulated glu-
tamate as compatible solutes under osmotic stress [16].

Organisms employing the "compatible-solute" strategy accumulate organic compatible sol-
utes for protection against salinity stress [9-15], therefore, we deduced that the difference in
the content of amino acids of Natrinema sp. J7-2 cultured in the different salinity media per-
haps was the result of the osmoadaption. Meanwhile, Glu and Asp are major carbon substrates
for haloarchaea; they fed into the TCA cycle and subsequently into the respiratory chain for
ATP production [20]. Consequently, we suspected that Natrinema sp. J7-2 cells accumulated
Glu and Asp also as carbon substrates and energy resources when they lived in an adverse
environment (in 15% and 30% NaCl media). In addition, acidic amino acids (Glu and Asp)
are also an important component of the cell wall to maintain the stability of the haloarchaeal
cells [20, 41]. Interestingly, in low-salinity medium, the content of intracellular FAAs of was
highest compared with those in moderate and high-salinity media.

Although some interesting results about the physiology of Natrinema sp. J7-2 at different
salinities were obtained, several problems are still unsolved. In the present study, the RNA-seq
data showed that partial DEGs (DEGs of cells cultured in15% NaCl vs 25% NaCl media) was
enriched in glycerolipid metabolic pathway, others also reported the component and content
of glycerolipids altered with the altering Na* concentration, subsequently affected the mem-
brane motion and permeability [43, 47-51]. However, the relationship between the compo-
nent and content of glycerolipids of Natrinema sp. J7-2 and the salt stress conditions is
unclear. Natrinema sp. J7-2 is capable of de novo synthesis of all amino acids and the biosyn-
thetic pathways have been reconstructed [26]. Our results showed that the total content of
intracellular FAAs was different when cells cultured in varying salinity media, but the accumu-
lating pathway of FA As (by uptake from environment or de novo synthesis) and the role of
FAAs (as osmoprotectants, carbon substrates or energy resources) are suspended; unnatural
amino acids and derivatives are also not surveyed. All these problems are worthy of attention
in the future.

Supporting information

S1 Table. Primers for Real-time RT-PCR analysis.
(DOC)

$2 Table. The quality control of data.
(DOC)

S3 Table. The mapping rate of clean data.
(DOC)

S1 Fig. The statistic results of cellular broken ratio.
(DOC)

Acknowledgments

We thank Prof. Yang Yang (Central China Normal University) and Prof. Wenhua Li (Wuhan
University) for their good suggestions and discussion for the manuscript.

Author Contributions
Conceptualization: Ping Shen.

Formal analysis: Ming Yang, Ping Shen, Xiangdong Chen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184974  September 19, 2017 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184974.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184974.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184974.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184974.s004
https://doi.org/10.1371/journal.pone.0184974

@° PLOS | ONE

Physiological responses to salinity

Investigation: Huan Liu, Shunxi Zhang, Chun Hu, Jian Zhang.

Methodology: Yunjun Mei, Ping Shen, Xiangdong Chen.

Supervision: Yunjun Mei.

Writing - original draft: Yunjun Mei, Huan Liu.

Writing - review & editing: Yunjun Mei.

References

1.

10.
11.

12

13.

14.

15.

16.

17.

18.

Woese CR. Organization and Control in Prokaryotic and Eukaryotic Cells, in: Charles HP, Knight BCJG
(Eds), 20th Symposium, Society for General Microbiology, Cambridge Univ. Press, Cambridge, UK,
1970; pp. 39-54.

Woese CR, Fox GE. Phylogenetic structure of the prokaryotic domain: the primary kingdoms. Proceed-
ings of the National Academy of Sciences, USA. 1977; 74(11): 5088-5090.

Cavicchioli R. Archaea—timeline of the third domain. Nature Reviews Microbiology. 2011; 9(1): 51-61.
https://doi.org/10.1038/nrmicro2482 PMID: 21132019

Kellermann MY, Yoshinaga MY, Valentine RC, Wérmer L, Valentine DL. Important roles for membrane
lipids in haloarchaeal bioenergetics. Biochimica et Biophysica Acta. 2016; 1858(11): 2940—2956.
https://doi.org/10.1016/j.bbamem.2016.08.010 PMID: 27565574

Kurt-Kizildogan A, Abanoz B, Okay S. Global transcriptome analysis of Halolamina sp. to decipher the
salt tolerance in extremely halophilic archaea. Gene. 2017; 601: 56—64. https://doi.org/10.1016/j.gene.
2016.11.042 PMID: 27919704

Oren Aharon. Bioenergetic aspects of halophilism. Microbiology and Molecular Biology Reviews.1999;
63(2): 334-348. PMID: 10357854

Jensen MW, Matlock SA, Reinheimer CH, Lawlor CJ, Reinheimer TA, Gorrell A. Potassium stress
growth characteristics and energetic in haloarchaeon Haloarcula marismortui. Extremophiles. 2015;
19(2): 315-325. https://doi.org/10.1007/s00792-014-0716-z PMID: 25503059

Kennedy SP, Ng WV, Salzberg SL, Hood L, DasSarma S. Understanding the adaptation of Halobacter-
ium species NRC-1 to its extreme environment through computational analysis of it genome sequence.
Genome Research. 2001; 11(10):1641-1650. https://doi.org/10.1101/gr.190201 PMID: 11591641

Imhoff JF, Rodriguez-Valera F. Betaine is the main compatible solute of halophilic eubacteria. Journal
of Bacteriology. 1984; 160(1): 478—-479. PMID: 6148337

Galinski EA. Osmoadaptation in bacteria. Advance in Microbial Physiology. 1995; 37: 273-328.

da Costa MS, Santos H, Galinski EA. An overview of the role and diversity of compatible solutes in bac-
teria and archaea. Advances in Biochemical Engineering/ Biotechnology.1998; 61:117-153. PMID:
9670799

Martin DD, Ciulla FA, Robert MF. Osmoadaption in archaea. Applied and Environmental Microbiology.
1999; 65(5):1815-1825. PMID: 10223964

Robert MF. Osmodaption and osmoregulation in archaea: update 2004. Frontiers in Bioscience. 2004;
9: 1999-2019. PMID: 15353266

Reina-Bueno M, Argandofia M, Salvador M, Rodriguez-Moya J, Iglesias-Guerra F, Csonka LN, et al.
Role of trehalose in salinity and temperature tolerance in the model halophilic bacterium Chromohalo-
bacter salexigens. PLoS One. 2012; 7(3): €33587. https://doi.org/10.1371/journal.pone.0033587
PMID: 22448254

Leuko S, Domingos C, Parpart A, Reitz G, Rettberg P. The survival and resistance of Halobacterium
salinarumNRC-1, Halococcus hamelinensis, and Halococcus morrhuae to simulated outer space solar
radiation. Astrobiology. 2015; 15(11): 987—-997. https://doi.org/10.1089/ast.2015.1310 PMID:
26539978

Kokoeva MV, Storch K, Klein C, Oesterhelt D. A novel mode of sensory transduction in archaea: binding
protein-mediated chemotaxis towards osmoprotectant and amino acids. The EMBO Journal.2002; 15
(10):2312-2322.

Kushwaha SC, Juez-Pérez G, Rodriguez-Valera F, Kushner DJ. Survey of lipids of a new group of
extremely halophilic bacteria from salt ponds in Spain. Canadian Journal of Microbiology. 1982; 28(12):
1365-1372.

Guan Z, Naparstek S, Calo D, Eichler J. Protein glycosylation as an adaptive response in Archaea:
growth at different salt concentrations leads to alterations in Haloferax volcanii S-layer glycoprotein N-

PLOS ONE | https://doi.org/10.1371/journal.pone.0184974  September 19, 2017 11/13


https://doi.org/10.1038/nrmicro2482
http://www.ncbi.nlm.nih.gov/pubmed/21132019
https://doi.org/10.1016/j.bbamem.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27565574
https://doi.org/10.1016/j.gene.2016.11.042
https://doi.org/10.1016/j.gene.2016.11.042
http://www.ncbi.nlm.nih.gov/pubmed/27919704
http://www.ncbi.nlm.nih.gov/pubmed/10357854
https://doi.org/10.1007/s00792-014-0716-z
http://www.ncbi.nlm.nih.gov/pubmed/25503059
https://doi.org/10.1101/gr.190201
http://www.ncbi.nlm.nih.gov/pubmed/11591641
http://www.ncbi.nlm.nih.gov/pubmed/6148337
http://www.ncbi.nlm.nih.gov/pubmed/9670799
http://www.ncbi.nlm.nih.gov/pubmed/10223964
http://www.ncbi.nlm.nih.gov/pubmed/15353266
https://doi.org/10.1371/journal.pone.0033587
http://www.ncbi.nlm.nih.gov/pubmed/22448254
https://doi.org/10.1089/ast.2015.1310
http://www.ncbi.nlm.nih.gov/pubmed/26539978
https://doi.org/10.1371/journal.pone.0184974

@° PLOS | ONE

Physiological responses to salinity

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

glycosylation. Environmental Microbiology. 2012; 14(3): 743—753. https://doi.org/10.1111/j.1462-2920.
2011.02625.x PMID: 22029420

Coker JA, DasSarma P, Kumar J, Miller JA, DasSarma S. Transcriptional profiling of the model
Archaeon Halobacterium sp. NCR-1: responses to changes in salinity and temperature. Saline Sys-
tems. 2007; 3(1):6.

Falb M, Miller K, Kénigsmaier L, Oberwinkler T, Horn P, Gronau SV, et al. Metabolism of halophilic
archaea. Extremophiles. 2008; 12(2): 177—196. https://doi.org/10.1007/s00792-008-0138-x PMID:
18278431

Leuko S, Raftery MJ, Burns BP, Walter MR, Neilan BA. Global protein-level responses of Halobacter-
ium salinarum NRC-1 to prolonged changes in external sodium chloride concentrations. Journal of Pro-
teome Research. 2009; 8(5): 2218-2225. https://doi.org/10.1021/pr800663c PMID: 19206189

Vauclare P, Marty V, Fabiani E, Martinez N, Jasnin M, Gabel F, et al. Molecular adaptation and salt
stress response of Halobacterium salinarum cells revealed by neutron spectroscopy, Extremophiles.
2015; 19(6):1099-1107. https://doi.org/10.1007/s00792-015-0782-x PMID: 26376634

Ferrer C, Mojica FJ, Juez G, Rodriguez-Valera F. Differentially transcribed regions of Haloferax volcanii
genome depending on the medium salinity. Journal of Bacteriology. 1996; 178(1): 309-313. PMID:
8550436

Moran-Reyna Coker JA. The effects of extremely of pH on the growth and transciptomic profilesof three
haloarchaea. F1000Research. 2014; 3: 168.

Shen P, Chen Y. Plasmid from Halobacterium halobium and its restriction map. Yi Chuan Xue Bao (in
Chinese). 1994; 21(5): 409-416.

Feng J, LiuB, Zhang Z, Ren Y, Liu Y, Gan F, et al. The complete genome sequence of Natrinema sp.
J7-2, a haloarchaeaon capable of growth on synthetic media without amino acid supplements. PLoS
One. 2012; 7(7): e41621. https://doi.org/10.1371/journal.pone.0041621 PMID: 22911826

Mei Y, He C, Huang Y, Liu Y, Zhang Z, Chen X, Shen P. Salinity regulation of the interaction of halovirus
SNJ1 with its host and alteration of halovirus replication strategy to adapt to the variable ecosystem.
PLoS One. 2015; 10(4): e0123874. https://doi.org/10.1371/journal.pone.0123874 PMID: 25853566

Goldstein JI, Newbury DE, Echlin P, Joy DC, Fiori C, Lifshin E. Preparation of Biological Samples for
Scanning Electron Microscopy. In: Goldstein J (ed). Scanning electron microscopy and X-ray micro-
analysis, Springer, 1981; 495-539.

Fang S, Hu B, Zhou Q, Yu QY, Zhang Z. Comparative analysis of the silk gland transcriptomes between
the domestic and wild silkworms. BMC Genomics. 2015; 16: 60. https://doi.org/10.1186/s12864-015-
1287-9 PMID: 25887670

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature Methods. 2012; 9(4):
357-359. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Anders S, Pyl PT, Huber W. HTSeg-a Python framework to work with high-throughput sequencing data.
Bioinformations. 2015; 31(2): 166—169.

Mortzazvi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian trans-
riptomes by RNA-Seq. Nature Methods. 2008; 5(7): 621-628. https://doi.org/10.1038/nmeth.1226
PMID: 18516045

Mao X, Cai T, Olyarchuk JG, Wei L. Automated genome annotation and pathway identification using
the KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics. 2005; 21(19): 3787-3793.
https://doi.org/10.1093/bioinformatics/bti430 PMID: 15817693

Robinson MK, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics. 2010; 26(1): 139-140. https://doi.org/10.1093/
bioinformatics/btp616 PMID: 19910308

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2" 22 method. Methods. 2001; 25(4): 402—-408. https://doi.org/10.1006/meth.2001.1262
PMID: 11846609

Roberts MF, Choi B, Robertson DE,Lesage S. Free amino acid turnover in methanogens measured by
SNMR spectroscopy. Journal of Biological Chemistry. 1990; 265(30): 18207—18212. PMID: 2211697

Chen Y, Rao B, Xin L. The application skills in Accq. Tag method. Amino Acids and Biotic Res (in Chi-
nese). 2001; 23(6): 47—49.

Stoeckenius W, Rowen R. A morphological study of Halobacterium Halobium its lysis in media of low
salt concentration. Journal of Cell Biology. 1967; 34(1): 365-393. PMID: 6033542

Fendrihan S, Dornmayr-Pfaffenhuemer M, Gerbl FW, Holzinger A, Grésbacher M, Briza P, et al. Spheri-
cal particles of halophilic archaea correlate with exposure to low water activity-implication for microbial
survival in fluid inclusions of ancient halite. Geobiology. 2012; 10(5): 424—4383. https://doi.org/10.1111/
j.1472-4669.2012.00337.x PMID: 22804926

PLOS ONE | https://doi.org/10.1371/journal.pone.0184974  September 19, 2017 12/13


https://doi.org/10.1111/j.1462-2920.2011.02625.x
https://doi.org/10.1111/j.1462-2920.2011.02625.x
http://www.ncbi.nlm.nih.gov/pubmed/22029420
https://doi.org/10.1007/s00792-008-0138-x
http://www.ncbi.nlm.nih.gov/pubmed/18278431
https://doi.org/10.1021/pr800663c
http://www.ncbi.nlm.nih.gov/pubmed/19206189
https://doi.org/10.1007/s00792-015-0782-x
http://www.ncbi.nlm.nih.gov/pubmed/26376634
http://www.ncbi.nlm.nih.gov/pubmed/8550436
https://doi.org/10.1371/journal.pone.0041621
http://www.ncbi.nlm.nih.gov/pubmed/22911826
https://doi.org/10.1371/journal.pone.0123874
http://www.ncbi.nlm.nih.gov/pubmed/25853566
https://doi.org/10.1186/s12864-015-1287-9
https://doi.org/10.1186/s12864-015-1287-9
http://www.ncbi.nlm.nih.gov/pubmed/25887670
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
https://doi.org/10.1093/bioinformatics/bti430
http://www.ncbi.nlm.nih.gov/pubmed/15817693
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/2211697
http://www.ncbi.nlm.nih.gov/pubmed/6033542
https://doi.org/10.1111/j.1472-4669.2012.00337.x
https://doi.org/10.1111/j.1472-4669.2012.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/22804926
https://doi.org/10.1371/journal.pone.0184974

@° PLOS | ONE

Physiological responses to salinity

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kaminski L, Guan Z, Yurist-Doutsch S, Eichler J. Two distinct N-glycosylation pathways process the
Haloferax volcanii S-layer glycoprotein upon changes in environmental salinity. MBio. 2013; 4(6):
€00716—13. https://doi.org/10.1128/mBio.00716-13 PMID: 24194539

Eichler J,Adams MW. Post-translational protein modification in Archaea. Micorbiology and Molecular
Biology Reviews. 2005; 69(3): 393—-425.

Calo D, Guan Z, Naparstek S, Eichler J. Different routes to the same ending: comparing the N-glycosyl-
ation processes of Haloferax volcaniiand Haloarcula marismortui, two halophilic archaea from the
Dead sea. Molecular Microbiology. 2011; 81(5): 1166—-1177. https://doi.org/10.1111/j.1365-2958.2011.
07781.x PMID: 21815949

Dawson KS, Freeman KH, Macalady JL. Molecular characterization of core lipids from halophilic
archaea grown under different salinity conditions. Organic Chemistry. 2012; 48:1-8.

Sun Z, Kuczek T, Zhu Y. Statistical calibration of qRT-PCR, microarray and RNA-seq gene expression
data with measurement error models. The Annals of Applied Statistics. 2014, 8(2): 1022—-1044.

Joghee NN, Jayaraman G. Metabolomic characterization of halophilic bacterial isolates reveals strains
synthesizing rare diaminoacids under salt stress. Biochimie. 2014; 102(1):102-111.

Lanyi JK. Salt-depend properties of proteins from extremely halophilic bacteria. Bacteriological
Reviews. 1974; 38(3): 272—290. PMID: 4607500

Russell NJ. Adaptive modifications in membranes of halotolerant and halophilic microorganisms. Jour-
nal of Bioenergetics and Biomembranes. 1989; 21(1): 93—-113. PMID: 2651429

Russell NJ. Lipids of halophilic and halotolerant microorganisms, in: Vreeland RH, Hochstein LI (Eds.),
The Biology of Halophilic Bacteria, CRC Press, USA, 1993, pp. 163-210.

Guerzoni ME, Lanciotti R, Cocconcelli PS.Alteration in cellular fatty acid composition as a response to
salt, acid, oxidative and thermal stresses in Lactobacillus helveticus. Microbiology. 2001; 147(Pt 8):
2255-2264. https://doi.org/10.1099/00221287-147-8-2255 PMID: 11496002

Disalvo EA, Lairion F, Martini F, Tymczyszyn E, Frias M, Almaleck H, et al. Structural and functional
properties of hydration and confined water in membrane interfaces. Biochimica et Biophysica Acta.
2008; 1778(12): 2655—2670. https://doi.org/10.1016/j.bbamem.2008.08.025 PMID: 18834854

Kellermann MY, Yoshinaga MY, Valentine RC, Wérme L, Valentine DL. Important roles for membrane
lipids in haloarchaeal bioenergetics. Biochimica et Biophysica Acta. 2016; 1858(11): 2940—2956.
https://doi.org/10.1016/j.bbamem.2016.08.010 PMID: 27565574

PLOS ONE | https://doi.org/10.1371/journal.pone.0184974  September 19, 2017 13/13


https://doi.org/10.1128/mBio.00716-13
http://www.ncbi.nlm.nih.gov/pubmed/24194539
https://doi.org/10.1111/j.1365-2958.2011.07781.x
https://doi.org/10.1111/j.1365-2958.2011.07781.x
http://www.ncbi.nlm.nih.gov/pubmed/21815949
http://www.ncbi.nlm.nih.gov/pubmed/4607500
http://www.ncbi.nlm.nih.gov/pubmed/2651429
https://doi.org/10.1099/00221287-147-8-2255
http://www.ncbi.nlm.nih.gov/pubmed/11496002
https://doi.org/10.1016/j.bbamem.2008.08.025
http://www.ncbi.nlm.nih.gov/pubmed/18834854
https://doi.org/10.1016/j.bbamem.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27565574
https://doi.org/10.1371/journal.pone.0184974

