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Abstract
“Halomonas socia” NY-011, a new species of moderately halophilic bacteria isolated and identified in our laboratory, can 
grow in high concentrations of salt ranging from 0.5 to 25%. In this study, the whole genome of NY-011 was sequenced and 
a detailed analysis of the genomic features was provided. Especially, a series of genes related to salt tolerance and involved 
in xenobiotics biodegradation were annotated by COG, GO and KEGG analyses. Subsequently, RNA-Seq-based transcrip-
tome analysis was applied to explore the osmotic regulation of NY-011 subjected to high salt stress for different times (0 h, 
1 h, 3 h, 6 h, 11 h, 15 h). And we found that the genes related to osmoregulation including excluding Na+ and accumulating 
K+ as well as the synthesis of compatible solutes (alanine, glutamate, ectoine, hydroxyectoine and glycine betaine) were 
up-regulated, while the genes involved in the degradation of organic compounds were basically down-regulated during the 
whole process. Specifically, the expression trend of genes related to osmoregulation increased firstly then dropped, which was 
almost opposite to that of degrading organic pollutants genes. With the prolongation of osmotic up-shock, NY-011 survived 
and gradually adapted to osmotic stress, the above-mentioned two classes of genes slowly returned to normal expression 
level. Then, the scanning electron microscope (SEM) and transmission electron microscope (TEM) were also utilized to 
observe morphological properties of NY-011 under hypersaline stress, and our findings showed that the cell length of NY-011 
became longer under osmotic stress, at the same time, polyhydroxyalkanoates (PHAs) were synthesized in the cells. Besides, 
physiological experiments confirmed that NY-011 could degrade organic compounds in a high salt environment. These 
data not only provide valuable insights into the mechanism of osmotic regulation of NY-011; but also make it possible for 
NY-011 to be exploited for biotechnological applications such as degrading organic pollutants in a hypersaline environment.
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Introduction

In this era of uncurbed industrialization around the world, 
industrial effluents have increased more sharply than ever 
before. Often, they are hypersaline and frequently contami-
nated with organic compounds (Oren et al. 1992). Besides, 
hypersaline wastewater with massive of organic compounds 
and various pollutants may be produced in many fields such 
as papermaking, agriculture, petroleum, printing and dyeing, 
pharmaceutical and other chemical industries (Díaz et al. 
2002; Lefebvre et al. 2005). These industrial saline effluents 
are more harmful and more difficult to deal with, and the 
direct discharge of them without pre-treatment will have a 
greater impact on the surrounding soil, water environment, 
agricultural production and human health (Lefebvre and 
Moletta 2006). Especially polycyclic aromatic hydrocarbons 
(PAHs), generated by the petroleum industry, poses serious 
threats to environmental and human health due to their car-
cinogenicity, teratogenicity, genotoxicity (Kim et al. 2013).

At present, many methods for the treatment of high-
salt wastewater with organic pollutants are provided, both 
physical and chemical, but most of them are associated 
with higher treatment costs. Additionally, some of them 
may generate noxious by-products and cause secondary 
pollution (Ahmadi et al. 2017; Zhao et al. 2020). However, 
the biological method has the unique advantages of low-
cost and no harmful by-products produced in the treatment 
process using various microorganisms to degrade organic 
pollutants, which has aroused great interest of researchers 
(Mirbolooki et al. 2017). Nevertheless, traditional microbes 
cannot survive and degrade pollutants efficiently in the con-
dition of high salinity. They cannot cope with hypersaline 
stress which would disrupt their cellular osmotic balance, 
disturb the enzymatic reaction, break the integrity of the 
cell membrane and affect the normal physiological metabo-
lism process (Pradhan et al. 2016). Therefore, desalination 
or dilution to appropriate salt concentration is often used as 
pretreatment of bioremediation at present, which compli-
cates the process and increases the cost, on the other hand, it 
also causes a lot of waste of freshwater resources. But using 
moderately halophilic bacteria that are able to survive under 
high salinity can overcome these limitations, thus being the 
potential candidates for degrading the pollutants at high salt 
environments (Ceylan et al. 2011).

Many pieces of literature have reported that moderately 
halophilic bacteria (especially Halomonas) can degrade a 
variety of organic pollutants, including polycyclic aromatic 
hydrocarbons, azo dyes, phenols, hydrocarbons in crude oil 
and so on. For example, Govarthanan et al. (2020) isolated a 
halophilic bacteria Halomonas sp. RM from brackish water 
which was demonstrated to biodegrade phenanthrene (Phe), 
pyrene (Pyr), naphthalene (NaP) and benzo [a] pyrene (BaP) 

in a wide range of pH, carbon sources and salinity. Amini 
et al. (2019) reported that the maximum biodegradation of 
azo dye Toluidine Red (C.I. no.12120) by Halomonas strain 
Gb was 81%. Haddadi and Shavandi (2013) isolated a new 
highly efficient phenol-degrading bacteria Halomonas sp. 
PH2-2 can tolerate a high concentration of salt and phe-
nol from high saline soil. Mnif et al. (2009) isolated a salt-
tolerant efficiently hydrocarbons-degrading bacteria Halo-
monas sp. C2SS100 from production water of an oil field 
after enrichment on crude oil.

However, at present, most of the studies about biodeg-
radation of organic pollutants in saline conditions are still 
focused on the screening and identification of halophilic 
microorganisms which can degrade organic compounds in 
the high-salt environment. The metabolic process of biode-
grading various organic pollutants by halophilic microor-
ganisms under a high saline environment is rarely studied. 
Thereby, to understand the mechanism of biodegradation 
of organic compounds by halophiles under hypersaline 
environment is of great significance and potential value for 
developing effective bioremediation strategies under saline 
conditions.

As a new species of moderately halophilic bacteria iso-
lated and identified in our laboratory (Cao et al. 2013), 
“Halomonas socia” NY-011 possesses unusual capacities 
of robustness to stress, degradation of organic compounds 
and wide substrate adaptability, having a great potential 
application prospect of biotechnology. So High-through-
put sequencing for genomics and transcriptomics of strain 
NY-011, as well as scanning electron microscope (SEM), 
transmission electron microscope (TEM) and physiological 
experiments were performed in this study, hoping to provide 
meaningful value about (i) the osmoregulation mechanism 
of halophilic microorganism and (ii) the metabolic process 
of degrading organic compounds under high saline envi-
ronment, which could be an important part for developing 
bioremediation technology under saline conditions.

Materials and methods

Genome sequencing and annotation

“Halomonas socia” NY-011 [preserved in China Center 
for Type Culture Collection (CCTCC AB 2,011,033) and 
Korean Collection for Type Cultures (KCTC 23,671)] was 
inoculated into test tube containing 5 ml 8% NaCl LB liq-
uid medium [8% NaCl (w/v), 1% tryptone (w/v) and 0.5% 
yeast extract (w/v)] with an orbital agitation of 200 r/min, 
at 30 ℃ until the mid-logarithmic phase. Its genomic DNA 
was extracted using TIANamp Bacteria DNA Kit following 
manufactures protocol (TIANGEN Biotech Company, Bei-
jing, China), and then sequenced at Genewiz Biotechnology 
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Co. Ltd. (Suzhou, China). The specific procedure was as 
follows: Genomic DNA was sheared, then 9 Kb double-
stranded DNA fragments were selected. DNA fragments 
were end-repaired and ligated with universal hairpin adapt-
ers. Subsequent steps were followed as per the manufacture’s 
instruction to prepare the SMRTbell library. The library 
was sequenced in the PacBio RSII instrument (Mccarthy 
2010), then the PacBio reads were assembled using Falcon 
of WGS-Assembler 8.2 (Berlin et al. 2015). And software 
Quiver (working with Pacbio reads) was used to recorrect 
the genome. Consequently, a genomic fine drawing was 
obtained by mapping PacBio data to the assembled genome 
using BWA software (version 0.7.12) (Li and Durbin 2009, 
2010). Protein coding sequence was predicted by Glimmer 
software (version 3.0) (Delcher et al. 2007) and annotated 
using BLAST to search for non-redundant protein sequences 
from the NR, Swiss-Prot (Bairoch and Apweiler 2000), Pfam 
(Finn et al. 2014), EggNOG (Jensen et al. 2007), GO and 
KEGG (Kanehisa and Goto 2000) databases. Genes for 
transfer RNA (tRNAs) were detected using tRNAscan-SE 
software version 2.0 (Besemer and Borodovsky 2005) and 
genes encoding ribosomal RNA (rRNAs) were predicted 
using the RNAmmer software 1.2 (Lagesen et al. 2007). 
Tandem repeat sequences were predicted using Tandem 
Repeats Finder software (Benson 1999). The genomic data 
have been deposited in the GenBank with the accession 
number CP049827.

Extraction and determination of intracellular 
solutes by nuclear magnetic resonance (NMR) 
spectroscopy

13C nuclear magnetic resonance (NMR) analysis was used to 
identify compatible solutes in NY-011. Extraction and deter-
mination of intracellular solutes using NMR spectroscopy 
described by Cánovas et al. 1999.

Reverse transcription quantitative PCR (RT‑qPCR)

Total RNA was extracted from NY-011 using TRIzol® Rea-
gent (Invitrogen Life Technologies, Carlsbad, CA, USA) 
according to the manufacturer’s protocol. Reverse transcrip-
tion was performed using the PrimeScript™ RT reagent kit 
with gDNA Eraser (Takara Biotechnology Co., Ltd., Japan). 
qPCR was conducted using an SYBR® Premix Ex Taq™ 
II (Takara Biotechnology Co., Ltd., Japan) following the 
manufacturer’s protocol in the Bio-Rad CFX 96 Real-time 
Detection System (Bio-Rad). Primers for genes ectA (ectA-
F: 5′-ATT​CCG​CCT​ACG​CCT​ATC​T-3′ and ectA-R: 5′-AGG​
GGC​GTT​GCT​CTT​CAC​-3′) and 16S rDNA (16S rDNA-F: 
5′-TCA​GGC​TAG​AGT​GCA​GGA​GAG-3′ and 16S rDNA-R: 
5′-TCG​TTT​ACG​GCG​TGG​ACT​A-3′) were synthesized by 

Tsingke Biological Technology Co. (Chengdu, China). The 
relative quantification of the gene was determined by calcu-
lating the values of 2−ΔΔCt. In the present study, 16S rRNA 
was used as the reference gene for the normalization of gene 
ectA. The experiment was repeated in triplicate.

Transcriptome sequencing and analyses

NY-011 was incubated in LB medium containing 8% NaCl 
(w/v) until the mid-logarithmic phase firstly. Subsequently, 
5 ml suspensions of fresh cells were collected by centrifu-
gation at 6000 r/min for 10 min and then inoculated into 
5 ml LB medium containing 15% NaCl (w/v). Six bacte-
rial samples named A0, A1, A3, A6, A11 and A15 (each 
sample is in triplicates) incubated for 0 h, 1 h, 3 h, 6 h, 11 h 
and 15 h, respectively, finally a sample in triplicates was 
mixed into one sample. Total RNA of each mixed sam-
ple was extracted using TRIzol® Reagent (Invitrogen Life 
Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. The rRNA was depleted from total 
RNA using the Ribo-Zero rRNA Removal Kit (Bacteria) 
(Illumina). Next-generation sequencing library preparations 
were constructed according to the manufacturer’s protocol 
(NEBNext® Ultra™ Directional RNA Library Prep Kit 
for Illumina®). Then libraries were loaded on an Illumina 
HiSeq instrument according to manufacturer’s instructions 
(Illumina, San Diego, CA, USA). Sequencing was carried 
out using a 2 × 150 paired-end (PE) configuration; image 
analysis and base calling were conducted by the HiSeq Con-
trol Software (HCS) + OLB + GAPipeline (Illumina) on the 
HiSeq instrument. The sequences were processed and ana-
lyzed by Genewiz Biotechnology Co. Ltd. (Suzhou, China). 
FPKM (expected number of Fragments Per Kilobase of 
transcript sequence per Millions of base pairs sequenced) 
was calculated by Htseq (V 0.6.1) to analyze gene expres-
sion of unigenes. Differentially Expressed Genes (DEGs) 
were identified with FDR (False Discovery Rate) ≤ 0.05 
and FPKM > 1, and Significantly Differentially Expressed 
Genes (SDEGs) were identified with FDR ≤ 0.05, FC (Fold 
Change of differential gene expression) ≥ 2 and FPKM > 1 
(Zhang et al. 2018). The RNA-Seq data have been deposited 
in the NCBI Sequence Read Archive (SRA) with the acces-
sion number SRR11234929 for A0, SRR11234928 for A1, 
SRR11234927 for A3, SRR11234926 for A6, SRR11234925 
for A11 and SRR11234924 for A15.

Bacteria morphology observation

Bacterial cultivation and high-salt treatment were performed 
as a previous description in transcriptome sequencing and 
analyses. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) of bacteria samples 
were prepared as described by Tan et al. (2017). Briefly, 
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the samples of NY-011 for SEM were fixed with 2.5% glu-
taraldehyde, dehydrated with ethanol and tertiary butanol, 
then dried with CO2, coated with gold–palladium and exam-
ined using a JEOL JSM-7500F (JEOL, Tokyo, Japan). For 
transmission electron microscopy (TEM), the samples were 
prefixed with 2.5% glutaraldehyde, then post-fixed with 2% 
osmium tetroxide and dehydrated in a graded ethanol series. 
Then, the specimens were incubated with epoxy resin and 
subsequently sectioned using an ultramicrotome, finally 
stained with uranyl acetate and lead citrate, and observed 
using a Hitachi HT7700 (Hitachi, Tokyo, Japan).

Pyrene tolerance and biodegradation experiments

To study the tolerance of pyrene by the “Halomonas socia” 
NY-11, the cells were inoculated into 100 ml flasks contain-
ing 30 ml 8% NaCl 1/2 LB liquid medium [8% NaCl (w/v), 
0.5% tryptone (w/v) and 0.25% yeast extract (w/v) added 
different concentrations of pyrene at a final concentration of 
0 mg/L, 10 mg/L, 50 mg/L, 100 mg/L, 150 mg/L, 200 mg/L, 
300 mg/L, 400 mg/L and 500 mg/L with an orbital agitation 
of 200 r/min, at 30 ℃. Each experiment was conducted with 
three biological replicates. Samples were taken and meas-
ured using Optical Density at 600 nm (OD600) by ultraviolet 
spectrophotometer at 6 h intervals until the cultures reached 
their plateau phases.

Then, to study the biodegradation of pyrene by the “Halo-
monas socia” NY-11, pyrene was added into 100 ml flasks 
containing 30 ml 8% NaCl LB liquid medium at a final con-
centration of 100 mg/L with NY-011 inoculated as an exper-
imental group and without an inoculum as a control. Each 
experiment was conducted at an orbital agitation of 200 r/
min and 30 ℃ with three biological replicates. Samples were 
taken every 7 days for one month and residual pyrene of each 
sample was extracted by liquid–liquid extraction using ethyl 
acetate as a solvent, and analyzed by GC–MS. More details 
were described by Nzila et al. (2018).

Results

Complete genome analyses

Genome features

After mapping PacBio data to the assembled genome, 
99.99% coverage was achieved, Mean Depth was 164.73, 
and a complete genome sequence with a total of 4,780,349 
base pairs was obtained. The complete genome of “Halo-
monas socia” NY-011 is composed of only one 4.78 Mb 
circular chromosome without a plasmid. A total of 4581 
genes are predicted in the whole genome. The average length 
of genes is 930.37 bp, and the total coding gene sequences 

account for 89.16% in the whole genome. The average GC 
content in the gene region is 65.05%, which is higher than 
the GC content of the whole genome (64.20%), and the 
average GC content in the intergenic region is only 57.19%. 
Also, there are 100 non-coding RNAs predicted, includ-
ing 12 rRNAs, 66 tRNAs and 22 other non-coding RNAs. 
Besides, 70 tandem repeats with total lengths of 12,401 bp 
obtained in “Halomonas socia” NY-011 accounting for 
0.29% of the total length of the genome. All information is 
summarized in Table 1.

COG analyses

By searching against the EggNOG database, we found 
that a total of 4055 genes of “Halomonas socia” NY-011 
were annotated accounting for 88.52% of all genes. These 
annotated genes were classified into 22 categories (Fig. 1). 
Among them, 1066 genes were assigned to Functional 
Unknown (S) the number of which was the largest. Secondly, 
there were 398, 333, 309 genes annotated to Amino Acid 
Transport and Metabolism (E), Inorganic Ion Transport and 
Metabolism (P), Transcription (K), respectively. And there 
were 262, 260, 222 genes annotated to Energy Production 
and Conversion (C), Carbohydrate Transport and Metab-
olism (G), Replication, Recombination and Repair (L), 
respectively. The number of genes assigned to the remain-
ing functional categories is less than 200.

Table 1   Genome summary of Halomonas socia NY-011

Sample NY-011

Coverage (%) 99.99
Mean depth 164.73
Chromosomes 1
Plasmids 0
Size/Mb 4.78
Genes 4581
Gene/Genome (%) 89.16
Average gene length (bp) 930.37
GC content in gene region (%) 65.05
GC content in intergenic region (%) 57.19
Total ncRNA 100
 rRNA 12
 tRNA 66
 Other ncRNA 22

Tandem repeats 70
 Total lengths 12401
 In genomes (%) 0.29
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Gene ontology (GO) analyses

A blast search against the GO database showed that a total 
of 3225 genes were annotated making up 70.4% of all genes, 
and 2499 genes were annotated to “Molecular Function”, 
2405 genes annotated to “Biological Process”, 1568 genes 
annotated to “Cellular Component” (Fig. 2). It is worth 
noting that although there were the least genes annotated 
to “Cellular Component”, its secondary category “compo-
nents of the membrane” was enriched the most of genes 
(765 genes) which is far more than that of other second-
ary categories. Besides, many genes were also annotated to 
other membrane-related secondary classifications, such as 
“plasma membrane” (240 genes), “membrane” (137 genes), 
“outer membrane space” (56 genes), “outer membrane” (24 
genes) and “components of plasma membrane” (19 genes).

KEGG enrichment analyse

To identify the biological pathways of NY-011, we mapped 
all genes to reference canonical pathways in the KEGG data-
base. A total of 2548 genes were divided into six categories: 
Cellular processes (217 genes), metabolism (1597 genes), 
human diseases (121 genes), genetic information processing 

(199 genes), organismal systems (36 genes), and environ-
mental information processing (378 genes) (Fig. 3).

Genes related to osmotic regulation

By analyzing the whole genome sequence of NY-011, genes 
related to the synthesis of ectoine, hydroxyectoine, glycine 
betaine, glutamate and alanine were identified, and genes 
involved in potassium ion and sodium ion transport were 
also identified. All information is shown in Table 2.

13C NMR analysis of the compatible solutes in NY‑011

The chemical shift δ (ppm) values were compared with the 
published standard spectrum to identify the types of compat-
ible solutes in NY-011. The ppm values of alanine are 1.69, 
50.9, 176.2; ppm values of glutamate are 27.5, 33.5, 55.0, 
174.5, 181.4; ppm values of ectoine are 17.9, 23.6, 38.5, 
54.8, 161.9, 177.8; ppm values of hydroxyectoine are 18.7, 
45.2, 69.8, 162.9, 175.5; ppm values of glycine betaine are 
54.2, 66.9, 170 (Cánovas et al.1999 , 1997 ). We found that 
NY-011 can synthesize five compatible solutes (E: ectoine; 
B: glycine betaine; G: glutamate; H: hydroxyectoine; A: 

Fig. 1   The COG function classification of strain NY-011
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alanine), mainly ectoine, glycine betaine and hydroxyectoine 
(which exist at all tested salt concentrations) (Fig. 4a–e).

RT‑qPCR detecting the expression of ectA

According to the results of 13C NMR analysis, ectoine is 
one of the main compatible solutes synthesized by NY-011. 
Therefore, to explore the differential transcription of ectA 
gene (ectoine synthesis gene ectABC are reported to form 
an operon) at a different time under hypersaline environ-
ment, we detected the gene expression of ectA by Quantita-
tive Real-time PCR after NY-011 was subjected to high salt 
stress of 15% NaCl for 0 h, 1 h, 3 h, 5 h, 7 h, 9 h, 11 h, 13 h, 
15 h, 17 h respectively. We found that transcripts of the ectA 
gene increased dramatically first and reached a maximum at 
1 h after the osmotic upshock, then began to decrease and 

reached a minimum at 11 h, and then increased and reached 
the second peak at 15 h.

Transcriptome analyses

Screening of significantly differentially expressed genes

According to the results of differential expression of ectA 
at different time, “Halomonas socia” NY-011 was sub-
jected to hyperosmotic stress at 15% NaCl for 0 h, 1 h, 
3 h, 6 h, 11 h and 15 h, respectively, and then sent to the 
company for transcriptional sequence. Among them, the 
sample of 0 h (named A0) was taken as the control group, 
while the samples of 1 h, 3 h, 6 h, 11 h and 15 h (named 
A1, A3, A6, A11, A15, respectively) were taken as the 
experimental groups, and a total of 5 groups (A0-VS-A1, 

Fig. 2   The GO annotation of strain NY-011
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A0-VS-A3, A0-VS-A6, A0-VS-A11 and A0-VS-A15) 
were obtained. Significantly differentially expressed 
genes (SDEGs) were screened according to log2|FC| ≥ 1 
and FDR ≤ 0.05 (fold change of differential gene expres-
sion ≥ 2 and False Discovery Rate ≤ 0.05). Group A0-VS-
A1, A0-VS-A3, A0-VS-A6, A0-VS-A11 and A0-VS-A15 
totally acquired SDEGs of 839 (down-regulation: 535; 
up-regulation: 304), 493 (down-regulation: 341; up-reg-
ulation: 152), 235 (down-regulation: 157; up-regulation: 
78), 380 (down-regulation: 169; up-regulation: 211) and 
490 (down-regulation: 211; up-regulation: 279), respec-
tively (Fig. S1).

SDEGs related to xenobiotics biodegradation

We analyzed the A0-VS-A1 group firstly because of the num-
ber of SDEGs in this group is being the largest. The top 15 
significantly enriched metabolic pathways in the A0-VS-A1 

group were summarized in Table S1 by mapping all SDEGs 
to reference canonical pathways in the KEGG database. We 
found that most of these metabolic pathways are involved 
in xenobiotics biodegradation, and SDEGs enriched in the 
pathways are all significantly down-regulated. Combined 
with results of genome and transcriptome analyses, as well 
as harmfulness, universality, degradation cycle of related 
xenobiotics, four pollutants and their metabolic pathways 
(Degradation of aromatic compounds, Atrazine degradation, 
Toluene degradation and Styrene degradation) were selected 
for in-depth analysis.

A total of 22 SDEGs were significantly enriched in the 
four metabolic pathways: Degradation of aromatic com-
pounds (11 SDEGs), Atrazine degradation (3 SDEGs), 
Toluene degradation (4 SDEGs), Styrene degradation (4 
SDEGs). These genes encode S-(hydroxymethyl) glutathione 
dehydrogenase, anthranilate dioxygenase reductase, benzene 
1,2-dioxygenase, anthranilate 1,2-dioxygenase, catechol 

Fig. 3   The KEGG annotation of strain NY-011
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Table 2   Genes predicted to be 
involved in osmotic regulation

Functional description Genes Gene products

Compatible Solute Strategy
 Ectoine lysC Aspartate kinase

asd Aspartate-semialdehyde dehydrogenase
ectA L-2,4-diaminobutyric acid acetyltransferase
ectB Diaminobutyrate-2-oxoglutarate transaminase
ectC l-ectoine synthase
ectD Ectoine hydroxylase
doeA Ectoine hydrolase
doeB N2-acetyl- l-2,4-diaminobutanoate deacetylase
doeC Aspartate-semialdehyde dehydrogenase
doeD l-2,4-diaminobutyrate transaminase

 Glycine betaine betA Choline dehydrogenase
betB Betaine-aldehyde dehydrogenase

 Glutamate gudB Glutamate dehydrogenase
gdhA Glutamate dehydrogenase (NADP+)
glnA Glutamate dehydrogenase
gltB Glutamate synthase (NADPH)
glt1 Glutamate synthase (NADPH)
putA 1-pyrroline-5-carboxylate dehydrogenase
aspQ Glutamin-(asparagin-)ase

 Alanine alt Alanine transaminase
agxT2 Alanine-glyoxylate transaminase
ald Alanine dehydrogenase

Salt in strategy:
 Na+ transport system
  Primary sodium pump nqrA Na+-translocating NADH-quinone oxidoreductase subunit A

nqrB Na+-translocating NADH-quinone oxidoreductase subunit B
nqrC Na+-translocating NADH-quinone oxidoreductase subunit C
nqrD Na+-translocating NADH-quinone oxidoreductase subunit D

  Na+/H+ antiporter mrpG_1 Na+/H+ antiporter subunit G
mrpF_1 Na+/H+ antiporter subunit F
mrpD_1 Na+/H+ antiporter subunit D
mrpC_1 Na+/H+ antiporter subunit C
mrpA_1 Na+/H+ antiporter subunit A
mrpA_2 Na+/H+ antiporter subunit A
mrpB_1 Na+/H+ antiporter subunit B
mrpC_2 Na+/H+ antiporter subunit C
mrpD_2 Na+/H+ antiporter subunit D
mrpE Na+/H+ antiporter subunit E
mrpF_2 Na+/H+ antiporter subunit F
mrpG_2 Na+/H+ antiporter subunit G
mrpA_3 Na+/H+ antiporter subunit A
mnhE1_1 Na+/H+ antiporter subunit E1

 K+ transport system
  Trk system trkH Trk system potassium uptake protein TrkH

trkG Trk system potassium uptake protein TrkG
trkA_4 Trk system potassium uptake protein TrkA

  Kdp system kdpD Sensor protein KdpD
kdpE KDP operon transcriptional regulatory protein KdpE
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Fig. 4   13C NMR analysis of the 
compatible solutes in NY-011 
at different NaCl concentra-
tions. Pictures (a–e) represent 
compatible solutes in NY-011 
at 5%, 10%, 15%, 20% and 25% 
NaCl, respectively. E ectoine, B 
glycine betaine, G glutamate, H 
hydroxyectoine, A alanine
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1,2-dioxygenase, homogentisate 1,2-dioxygenase and so 
on (Table 3). We also realized that at high salt conditions 
the SDEGs for the mentioned pathways were significantly 
down-regulated at the beginning (0–3 h), but expression 
increased over time of salt exposure (3–15 h) (Fig. 5a–d).

Differentially expressed genes (DEGs) related 
to osmotic regulation

DEGs related to ectoin

DEGs related to ectoine and hydroxyectoine synthesis were 
up-regulated in NY-011 during the whole osmotic upshock 
(Fig. 5e). Ectoine synthesis genes (ectABC) were all up-regu-
lated by more than twofold while the hydroxyectoine synthe-
sis gene (ectD) was merely up-regulated by 1.41-fold when 
NY-011 was treated with hypersaline stress in the first hour. 
With the extension of treating time, ectABC was still up-
regulated, but their expression dropped, while the expression 
of ectD still increased until the eleventh hour then dropped.

DEGs related to glycine betaine

Subjected to high salt stress for 1 h, the genes (betA and 
betB) encoding choline dehydrogenase and betaine-alde-
hyde dehydrogenase related to glycine betaine synthesis in 
NY-011 were significantly up-regulated by 16.11-fold and 

14.95-fold, respectively. When treated for 3 h, betA and betB 
were further significantly up-regulated by 33.66-fold and 
30.24-fold, respectively. With the extension of treating time, 
betA and betB were still up-regulated, but their expression 
decreased (Fig. 5f).

DEGs related to glutamate

Under the hypersaline condition, the expression trend of 
the gene (putA) encoding proline dehydrogenase which can 
convert l-1-pyrroline-5-carboxylic acid to l-glutamate, was 
consistent with that of betA and betB. while the glutamate 
degradation gene glnA, the product of which can convert 
l-glutamate to l-glutamine, was significantly down-reg-
ulated all the time. Besides, gdhA and gudB encode two 
kinds of glutamate dehydrogenase, respectively, which can 
catalyze the mutual conversion between 2-ketoglutarate and 
l-glutamic acid. However, gdhA was always up-regulated 
which was almost opposite to gudB (Fig. 5g).

DEGs related to alanine

Alanine aminotransferase encoded by gene alt can convert 
pyruvate to l-alanine, and alanine-glyoxylate transaminase 
encoded by gene agxT2 can catalyze the degradation of 
l-alanine. Under hypersaline stress, agxT2 was down-regu-
lated at 1 h and then up-regulated, while the expression trend 

Table 3   SDEGs in four kinds 
of xenobiotics degradation 
pathways

Metabolic pathways Genes Gene products

Degradation of aromatic com-
pounds

mdh_2 NAD-dependent methanol dehydrogenase
adh5 S-(Hydroxymethyl)glutathione dehydrogenase
fabG_5 3-Ketoacyl-(acyl-carrier-protein) reductase
antC Anthranilate dioxygenase reductase
bnzA Benzene 1,2-dioxygenase
antA Anthranilate 1,2-dioxygenase
catA Catechol 1,2-dioxygenase
catC Muconolactone delta-isomerase
catB Muconate cycloisomerase
aldH Aldehyde dehydrogenase family protein
pcaC 4-Carboxymuconolactone decarboxylase

Atrazine degradation ureC Urease subunit alpha
ureB Urease subunit beta
ureA Urease subunit gamma

Toluene degradation clcD carboxymethylenebutenolidase
catA catechol 1,2-dioxygenase
catB muconate cycloisomerase
aldH aldehyde dehydrogenase family protein

Styrene degradation hmgA Homogentisate 1,2-dioxygenase
faaH Fumarylacetoacetate (FAA) hydrolase
catI 3-oxoadipate:succinyl-CoA transferase
catJ 3-oxoadipate:succinyl-CoA transferase
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Fig. 5   Genes related to xenobiotics degradation and osmotic regula-
tion as well as their expression trend. The expression trend of genes 
involved in the aromatic compound degradation pathway (a), atrazine 
degradation pathway (b), toluene degradation pathway (c), styrene 

degradation pathway (d), ectoine synthesis (e), glycine betaine metab-
olism (f), glutamate metabolism (g), alanine metabolism (h), primary 
sodium pump (i), Na+/H+ antiporter (j) and K+ transport system (k)
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of alt was almost opposite to that of agxT2. Alanine dehy-
drogenase encoded by gene ald can catalyze the conversion 
of pyruvate to l-alanine. However, none of them reached a 
significant differential expression (Fig. 5h).

DEGs related to Na+ transport system

Under salt stress, the expression trend of primary sodium 
pump genes nqrABCD increased at first and then dropped. 
And these four genes were significantly up-regulated with 
their transcripts reaching a maximum at 1 h after the osmotic 
upshock (Fig. 5i). The genes related to Na+/H+ antiporter 
including mrpA_2, mrpB_1, mrpC_2, mrpD_2, mrpE, 
mrpF_2, mrpG_2, etc. were up-regulated within 0 ~ 6 h, 
and their expression did not reach a significant differential 
expression level (Fig. 5j).

DEGs related to K+ transport system

The genes involved in K+ transport system were all down-
regulated at 1 h, then up-regulated, and further up-regulated 
with the prolongation of stress time (Fig. 5k).

Morphological observation of NY‑011 under high 
salt stress

In this study, an optical microscope, scanning electron 
microscope (SEM) and transmission electron microscope 
(TEM) were used to investigate the morphological changes 
of NY-011 under osmotic upshock at different time.

Results of optical microscope observation

After NY-011 being subjected to high salt stress of 15% 
NaCl for 0 h, 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 4 h, 5 h, 6 h, 
9 h, 12 h and 15 h, respectively, we observed that the aver-
age length of NY-011 cells increased from 0 to 3 h, and 
gradually decreased to the minimum at 15 h. Thus the cells 
stressed for 0 h, 1 h, 3 h, 6 h and 15 h were collected for 
further scanning electron microscope observation.

Results of scanning electron microscope observation

No cell membrane shrinkage or cell damage and cell frag-
ments caused by osmotic shock were observed from scan-
ning electron microscope. In the observation, we also found 
the same phenomenon that the average length of NY-011 
cells increased from 0–3 h, and gradually decreased to the 

Fig. 5   (continued)
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minimum at 15 h as the results of optical microscope obser-
vation (Fig. 6). Besides, all cells covering with a bright 
membrane (shown by the orange arrow in Fig. 6e) are clus-
tered together which is difficult to find a single scattered cell. 
And the flocs can be seen next to the cells (shown by the 
red arrow in Fig. 6a). Obvious cracks which can be formed 
by the cracking of organic substances after dehydration and 
drying can also be observed between cells (shown in the red 
circle in Fig. 6c, e). All these phenomena may be caused by 
the presence of a bacterial capsule which can help bacteria 
resist the adverse environment. Combined with results of 
optical microscope and scanning electron microscope obser-
vation, NY-011 cells stressed for 0 h (control group) and 3 h 
(experimental group) were collected for further transmission 
electron microscope observation due to their biggest differ-
ence on the cell length.

Results of transmission electron microscope observation

NY-011 cells in the control group and the experimental 
group are all relatively complete without obvious rupture 
or cell fragments. Besides, in the control group, the outer 
membrane was irregular with large surface area, and part of 
which protruded and formed vesicles, while the inner mem-
brane was relatively smooth. And there was a large periplas-
mic space between the inner and outer membranes. Besides, 
PHA-like granules can be seen in the cells. Compared with 
the control group, the outer membrane of cells in the experi-
mental group is more regular with more outer membrane 
protruding to form vesicles. And there are also many vesi-
cles between the cells. The periplasmic space between the 
inner and outer membrane is smaller. And PHA-like gran-
ules are also present in the cells (Fig. 7).

Fig. 6   Cell morphology of 
strain NY-011 under a scanning 
electron microscope. Pictures 
(a–e) represent strain NY-011 
subjected to 15% NaCl for 0 h, 
1 h, 3 h, 6 h, 15 h, respectively, 
and picture (f) means changes 
of the average length of strain 
NY-011 under different stress 
time



856	 Extremophiles (2020) 24:843–861

1 3

Verification of xenobiotics degradation by NY‑011

Tolerance of NY‑011 to pyrene

Our studies showed that NY-011 could not utilize toluene, sty-
rene, atrazine, polycyclic aromatic hydrocarbons (naphthalene, 
phenanthrene, anthracene, fluoranthene, pyrene) as the only 
carbon source and energy source for growth and reproduction 
excepted LB medium present even a small amount of it. And 
compared with other organic compounds, the strain grew best 
in LB medium added pyrene. Therefore, in this experiment, 
NY-011 was transferred into 1/2 LB liquid medium contain-
ing different concentrations of pyrene at 8% NaCl to explore 
the tolerance of NY-011 to pyrene. When the concentration 
of pyrene was 10 mg/L and 50 mg/L, the growth curve of the 
strain was the same as that of the control group. However, 
when the concentration of pyrene was 100 mg/L, 150 mg/L 
and 200 mg/L, the growth of the strain was suppressed but 
its growth curve was still upward. When the concentration of 
pyrene was 400 mg/L and 500 mg/L, it could be seen that the 
growth of the strain was strongly suppressed, but the OD600 
value of the bacteria was still increasing slowly (Fig. 8a).

Degradation of pyrene by NY‑011

During the 28 days, the growth curve of the strain cultured in 
LB medium added pyrene at 8% NaCl was the same as that 
without added pyrene. After the strain was transferred into 

the LB medium with and without added pyrene, respectively, 
the values of OD600 were 0.256 originally, and then reached 
the maximum after 7 days, finally decreased slowly. At the 
same time, after 7 days of culture, the concentration of pyrene 
in the medium decreased largely, and further decreased with 
the extension of the culture time, but its trend slowed down, 
which almost corresponds to the trend of the growth. And after 
28 days of culture, the degradation efficiency of pyrene by 
NY-011 reached up to 36.2% (Fig. 8b).

Discussion

To survive in the high salt conditions, microorganisms 
require special cell composition and adopt particular 
adaptation strategies to maintain cellular osmotic balance. 
To cope with the high salinity environment, halophilic 
microorganisms have evolved two different strategies to 
balance the osmotic difference between their cytoplasm 
and the external environment: (i) the “compatible solutes” 
strategy, that is to synthesize compatible organic solutes, 
known as osmotic protectors, in the cells (Edbeib et al. 
2016). The types of these small organic molecules used to 
resist osmotic stress include polyols and their derivatives 
(such as glycerol), sugars and their derivatives (such as 
sucrose), amino acids and their derivatives (such as gly-
cine betaine, glutamate, alanine, and ectoine.) and some 
charged peptides (Galinski 1995); (ii) the “salt in” strategy 

Fig.7   Morphology and internal 
structure of strain NY-011 under 
transmission electron micro-
scope Pictures (a, b) represent 
control group with a resolution 
of 2.0 μm and 500 nm, respec-
tively; pictures (c, d) represent 
an experimental group (strain 
NY-011 subjected to 15% NaCl 
for 3 h) with a resolution of 
2.0 μm and 500 nm, respec-
tively. Red arrows 1–5 represent 
vesicle, PHA-like granule, inner 
membrane, outer membrane and 
periplasmic space, respectively
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means completing osmotic balance by accumulating a 
large number of ions in the cytoplasm from the environ-
ment, and the process mainly includes accumulating of 
K+ and Cl−, expel Na+ (Edbeib et al. 2016). Moderate 
halophilic bacteria mainly adopt the “compatible solutes” 
strategy, while extreme halophilic bacteria mainly adopt 
the “salt in” strategy, but some halophilic microorganisms 
combine the two strategies (Edbeib et al. 2016; Gunde-
Cimerman et al. 2018).

In this study, through genome annotation and transcrip-
tome analysis, we found that NY-011 would simultaneously 
adopt the two strategies of “compatible solutes” and “salt 
in” to cope with external salt stress.

The strategy of “compatible solutes” adopted by NY-011 
is simultaneously synthesizing alanine, glutamate, ectoine, 
hydroxyectoine and glycine betaine in cells to maintain 
osmotic balance. Specifically, NY-011 would firstly synthe-
size numerous ectoine when exposed to high salt stress, and 
then convert ectoine to hydroxyectoine with the stress time 
prolonged. Many studies also showed that the protective 
effect of hydroxyectoine is more obvious than that of ectoine 
under more extreme conditions (higher salt concentration or 
higher temperature) (Argandona et al. 2010; Borges et al. 
2002; Van et al. 2013). Besides, results for ectA gene expres-
sion obtained by qPCR and by transcriptomics (Fig. 5e) were 

similar but not identical (the second peak was reached at 
15 h for qPCR data and 11 h for transcriptomic data). The 
reason is the difference between these two methods. Tran-
scriptome sequencing and qPCR are two different detec-
tion methods, and a certain degree of inconsistency (about 
30 ~ 40%) is normal and reasonable (Su et al. 2014). Factors 
such as the amplification region of the target gene selected 
by qPCR, the amplification efficiency of primers, and rea-
gents may affect the final expression level; RNA interrup-
tion, library construction, and GC preference in sequencing 
analysis by RNA-seq may also affect the final results. RNA-
seq and qPCR are two different technologies (different prin-
ciples and different calculation formulas). It is normal for the 
two to not correspond to each other completely.

In Fig.  5f, glycine betaine synthesis genes (betAB) 
were up-regulated within 0 ~ 3 h and then their expression 
dropped, indicating that NY-011 could synthesize a large 
amount of glycine betaine within 0 ~ 3 h under salt stress. 
In Fig. 5g, glutamate synthesis gene putA and gdhA were 
up-regulated in the first hour, and the expression of gdhA 
dropped at 1 h, putA dropped at 3 h; while glutamate deg-
radation gene glnA and gudB were down-regulated in the 
first hour, indicating that NY-011 could accumulate a cer-
tain amount of glutamate in the cell within 0 ~ 3 h under 
salt stress. In Fig. 5h, alanine degradation gene agxT2 was 

Fig. 8   Verification of xenobiot-
ics biodegradation by NY-011. 
a Growth curve of strain 
NY-011 in LB medium with dif-
ferent concentrations of pyrene; 
b Degradation of pyrene by 
strain NY-011 and the changes 
of its biomass
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down-regulated in the first hour, while alanine synthesis 
gene alt was up-regulated in the first hour, and alanine syn-
thesis gene ald was up-regulated within 1 ~ 6 h, indicating 
that NY-011 would synthesize alanine in the initial stage 
of salt stress. In general, NY-011 mainly synthesizes four 
kinds of compatible solutes (alanine, glutamic acid, ectoine 
and glycine betaine) under the short-term osmotic upshock 
(0 ~ 6 h), while NY-011 mainly synthesizes ectoine and 
hydroxyectoine under a longer period of osmotic stress. 
Saum and Müller (2008) have shown that Halobacillus 
halophilus can synthesize a variety of compatible solutes 
in cells to cope with high salt stress, and the synthesis of 
these osmolytes exhibits a time-dependent regulation. They 
believe that the first response to osmotic stress is the pro-
duction of chlorine-dependent enzymes that catalyze the 
biosynthesis of glutamate or glutamine and proline. When 
the concentration of glutamate or glutamine reaches a cer-
tain level, glutamate acting as the second signal produces 
or activates the enzyme that synthesizes proline and proline 
is synthesized. Next, the expression of the ect gene may be 
induced by the third signal. In this process, proline may act 
as the signal, and then the concentration of proline decreases 
while the concentration of ectoine increases, and ectoine 
becomes the main compatible solute in the stationary phase.

The strategy of “salt in” adopted by NY-011 is expel-
ling Na+ from the cell (primary sodium pump and Na+/H+ 
antiporter) and accumulating K+ in the cell (Trk system and 
Kdp system). Specifically, the expression of primary sodium 
pump genes nqrABCD were significantly up-regulated in the 
first hour and then their expression dropped, while genes of 
Na+/H+ antiporter were up-regulated within 0 ~ 6 h, and their 
expression did not reach a significant differential expres-
sion level (Fig. 5j). It can be speculated that NY-011 would 
apply both primary sodium pump and Na+/H+ antiporter 
to expel Na+ from the cell, and the former seems to play 
a more important role. The Na+-NQR (Na+-translocating 
NADH:quinone oxidoreductase) from Vibrio cholerae is a 
220 kDa complex consisting of six subunits, NqrABCDEF, 
encoded by the nqr operon. The Na+-NQR-type enzymes are 
sodium-motive NADH:quinone oxidoreductases. They can 
expel sodium ions and maintain low sodium concentration 
in cells under high salt stress (Fadeeva et al. 2007; Steuber 
et al. 2014). Under high salt stress, based on transcriptome 
and proteome data, it was found that Na+-NQR in Halo-
monas beimenensis was up-regulated expression (Chen et al. 
2017).

The genes involved in the K+ transport system were all 
down-regulated at 1 h, then up-regulated (Fig. 5k), showing 
that both the Trk system and Kdp system played an impor-
tant role in accumulating K+ in NY-011. Researches on 
Escherichia coli show, after an osmotic upshock, the reduced 
turgor pressure establishes in the cell due to a loss of water. 
This reduced turgor leads to an influx of K+ within seconds 

via the potassium transporters (Trk, Kdp and so on). At the 
same time, glutamate is quickly synthesized in the cell as 
the main counterion of potassium (Epstein 1986; Stumpe 
et al. 1996). Potassium glutamate accumulates upon hyper-
osmotic shock and serves as a temporary osmoprotectant. 
This salt leads to transcriptional activation of sets of genes 
that allow the cell to achieve long-term adaptation to high 
osmolarity. The current experiments show that potassium 
glutamate also acts as an inhibitor of bulk cellular transcrip-
tion (Gralla and Vargas 2006). However, as for why Trk and 
Kdp systems were down-regulated in the first hour, further 
research is needed.

Cell morphology of NY-011 under osmotic upshock was 
observed by SEM and TEM, showing that 15% salt stress 
will not lead to the lethal damage to NY-011, and it can cope 
with hypersaline conditions very well. It is worth noting that 
the cell length of NY-011 increased from 0 to 3 h after the 
osmotic upshock, and reached the maximum at 3 h. With the 
extension of stress time, the cell length gradually decreased 
until at 15 h and returned to the same length as the control 
group from the results of optical microscope observation 
and scanning electron microscope observation. Yaakop 
et al. (2016) also noted that compared to Jeotgalibacillus 
malaysiensis cells cultured in 2% (w/v) NaCl stress, those 
cells are grown under 10% and 20% (w/v) NaCl expressed 
slightly longer. According to our genomics and transcrip-
tomics data (Table S2, Fig. S2), we found that the ftsZ gene 
in NY-011 was down-regulated, and its expression decreased 
from 0 to 3 h, reached the minimum at 3 h, and then began 
to increase until 15 h returned to the same level as that at 
0 h. Surprisingly, the expression trend of the ftsZ gene was 
opposite to the change of cell length. And FtsZ protein 
was the most important protein in the cell division which 
can affect cell division (Lutkenhaus et al. 2012). Tao et al. 
(2017) used CRISPRi technology to inhibit the expression 
of ftsZ, a gene encoding cell division protein FtsZ in halo-
philic microorganism Halomonas sp. TD01, and modified 
the cell morphology to make the bacterial cell length longer. 
Compared with the control group, the cell length increased 
by 20 times to 70 times. Therefore, it can be speculated that 
when the strain was exposed to high salt stress, gene ftsZ 
was down-regulated and the activity of cell division protein 
FtsZ decreased, which led to the prolongation of cells and 
the slowdown of cell growth and reproduction; until the cells 
adapted to salt stress, with gene ftsZ expressed normally, 
cells returned to the normal length, and growth and repro-
duction activities are thriving again.

In addition, we also found PHA-like granules in NY-011 
cells by the transmission electron microscope. The genes 
involved in PHAs synthesis were annotated through genomic 
data analysis (Table S2), including the key genes phbABC 
encoding acetyl-CoA acetyltransferase, acetoacetyl-CoA 
reductase and poly(3-hydroxyalkanoate) synthetase, 



859Extremophiles (2020) 24:843–861	

1 3

respectively, which can synthesize PHAs. In the face of 
hunger or nutritional imbalance, bacteria usually produce 
PHA granules in the cells as a reserve of carbon source and 
energy (Anjum et al. 2016). In many prokaryotes, PHAs are 
accumulated in the form of intracellular granules. In addition 
to their main function as storage substances, they can also 
enhance the resistance of bacteria to various external stress. 
For example, if bacteria are suddenly exposed to osmotic 
shock, intracellular PHAs can greatly enhance the ability 
of bacteria to maintain cell integrity (Sedlacek et al. 2019). 
Furthermore, Obruca et al. (2018) pointed out that PHAs 
may be accumulated in Cupriavidus necator by applied 
certain numbers of stress factors, such as osmotic pressure, 
heavy metals, hydrogen peroxide, which can be employed 
as an effective and innovative method to boost production 
of PHAs.

Besides, through GO, COG, and KEGG analysis, a large 
number of genes related to metabolism, membrane, inor-
ganic ion transport, and degradation of organic pollutants 
were annotated. Results of RNA-seq showed that when 
NY-011 was subjected to high salt stress, genes related to 
osmoregulation were up-regulated at first and then returned 
to normal expression, while genes related to degradation of 
organic pollutants were down-regulated and then returned 
to normal expression. The expression of these two classes of 
genes was almost the opposite. Thereby, we guess the reason 
for this phenomenon is that under high salt stress, NY-011 
will mobilize all efforts to survive by coping with osmotic 
stress, so genes related to osmoregulation are up-regulated 
at first, they are “survival genes”; while other growth and 
metabolic activities, such as the degradation of organic pol-
lutants, will be weakened for saving the energy, resulting in 
the down-regulated expression of genes related to degrada-
tion of organic compounds, these genes are “growth genes”. 
With the extension of stress time, NY-011 survived and 
gradually adapted to osmotic stress, the above-mentioned 
two classes of genes (“survival genes” and “growth genes”) 
slowly returned to the normal expression. In other words, 
we speculate that NY-011 is also able to degrade organic 
pollutants in the saline environment. To confirm the specula-
tion, the experiment of pyrene degradation by NY-011 at 8% 
NaCl was conducted. The results showed that after 28 days 
of culture, the degradation efficiency of pyrene by NY-011 
reached up to 36.2%. According to Pernetti and Palma 
(2005), wastewaters are defined “saline” when the inorganic 
salt content (generally chlorides and sulphates) is between 0 
and 1% w/w; wastewater containing between 1% and 3.5% 
of salts are defined “highly saline” or “brines”. Therefore, 
NY-011 can be used to degrade organic pollutants in the 
high salt environment since 8% NaCl (w/v) [approximately 
equal to 8% NaCl (w/w)] is far greater than the classifica-
tion criteria of “highly saline” (3.5% inorganic salt content).

Moreover, in consideration of NY-011 possessing 
unusual capacities of robustness to stress, degradation of 
organic pollutants and wide substrate adaptability, it can 
further be applied in the bioremediation of saline waste-
water and soil contaminated by organic compounds. And 
the optimum conditions (such as temperature, pH, salt con-
centration etc.) for the maximum biodegradation should 
be investigated and optimized firstly. Also, to overcome 
the problems of directly using the pure cultured microor-
ganisms in bioremediation, some effective methods can 
be utilized, including bioaugmentation, biostimulation, 
genetic engineering, immobilization technology, bioreac-
tor system and so on.
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