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Abstract In this study, comparative metagenomic analy-
sis was performed to investigate the genetic profiles of the
microbial communities inhabiting the sediments surround-
ing Theya North and Theya Ridge hydrothermal fields. Four
samples were used, which differed in their distances from
hydrothermal vents. The results showed that genes involved
in cell surface structure synthesis, polyamine metabolism
and homeostasis, osmoadaptation, pH and Na* homeosta-
sis, and heavy-metal transport were abundant. Pathways
for putrescine and spermidine synthesis and transport
were identified in the four metagenomes, which possibly
participate in the regulation of cytoplasmic pH. Genes
involved in the transport of K* and the biosynthesis of gly-
cine betaine, proline, and trehalose, together with genes
encoding mechanosensitive channel of small conductance,
were contributors of osmoadaptation. Detection of genes
encoding F,F_-ATPase and cation/proton antiporters indi-
cated critical roles played by pH and sodium homeostasis.
Cu?*-exporting and Cd**/Zn**-exporting ATPases func-
tioned in the expulsion of toxic metals across cellular mem-
branes. It is noteworthy that the distribution of some genes,
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such as that encoding cardiolipin synthase, was apparently
affected by distance to the vent site. These findings provide
insight into microbial adaptation mechanisms in deep-sea
sediment environments.
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Introduction

Deep-sea environments, including hydrothermal vents, are
the most extended extreme environments on Earth, and are
characterized by high hydrostatic pressures and absence of
light (Prieur et al. 1995). In hydrothermal vents, in addition
to extreme physical parameters, there exist extremely steep
chemical, pH, and temperature gradients between vent flu-
ids and the surrounding seawater (Thornburg et al. 2010).
Okinawa Trough is an active back-arc basin located
behind the Ryukyu trench and Ryukyu Islands (Glasby and
Notsu 2003). A number of hydrothermal fields have been
found in this area, including those in Iheya North and Theya
Ridge fields (Glasby and Notsu 2003; Tokeshi 2011). The
community structures of macrobenthic and microbial com-
munities in different hydrothermal fields have been inves-
tigated by several research groups (Ohta and Kim 2001;
Tokeshi 2011; Yanagawa et al. 2013; Zhang et al. 2015).
It was reported that microbial communities inhabiting the
sediments of Theya North and Theya Ridge hydrothermal
fields have a higher bacterial diversity and a lower archaeal
diversity, and that Proteobacteria and Thaumarchaeota are
the dominant bacterial and archaeal populations, respec-
tively (Wang and Sun 2016; Zhang et al. 2015).
Mid-Okinawa Trough is covered with terrigenous thick
organic matter-enriched sediments mainly derived from
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the Yangtze and Yellow Rivers (Katayama and Watanabe
2003; Sibuet et al. 1987). The chemistry of the submarine
hydrothermal fluids in the vicinity of mid-Okinawa Trough
is unusual compared to other deep-sea hydrothermal fluids
(Tsuji et al. 2012). In Theya Ridge, hydrothermal fluids dis-
charged from vent orifices usually have a high concentra-
tion of ammonia and a high alkalinity due to fluid-sediment
interactions (Gamo et al. 1991; Sakai et al. 1990). By con-
trast, hydrothermal fluids discharged from Iheya North Knoll
have a lower ammonia concentration and alkalinity indicat-
ing less extensive fluid-sediment interactions (Chiba et al.
2000). Analysis of microbially-derived methane in Theya
North hydrothermal fluids confirmed that the chemical com-
position is clearly affected by microbial activity (Kawagucci
et al. 2011), and fluid flows in turn influence the structure and
activity of microbial populations (Yanagawa et al. 2014). The
potential microbial community stratification and transition in
sub-seafloor sediment cores from Theya North are controlled
by the fluid flow and the geothermal gradient (Yanagawa et al.
2014). Microbial populations in the upper sediment layer are
mainly composed of Chloroflexi and the deep-sea archaeal
group, while microbes in the deeper layer are dominated by
archaeal lineages, specifically marine group I, crenarchaeotic
and/or euryarchaeotic groups (Yanagawa et al. 2014). There-
fore, there exist close relationships between hydrothermal
fluids, sediments, and microbial communities. Several studies
on the microbial composition of deep-sea sediments in Iheya
North have been reported (Wang and Sun 2016; Yanagawa
et al. 2013, 2014; Zhang et al. 2015), but very little informa-
tion on the microbial communities inhabiting the sediments
in Theya Ridge is available.

Microorganisms inhabiting extreme environments have
developed numerous mechanisms to deal with the harsh
conditions that include high pressure and temperature,
extreme acidity and alkalinity, high salinity, and metal tox-
icity (Pikuta et al. 2007). Genomic analyses of extremo-
philes have provided some clues to their strategies for sur-
viving in specific niches (Takami et al. 2000, 2002, 2004).
In the current study, in order to better understand the envi-
ronmental adaption mechanisms of the microbes inhabiting
the surroundings of deep-sea hydrothermal fields of mid-
Okinawa Trough, we performed for the first time a compar-
ative metagenomic analysis of four microbial communities
in sediments collected from different distances from vents
surrounding Theya North and Theya Ridge.

Materials and methods
Sample collection

Samples used in this study were collected in April, 2014
during a cruise conducted by the scientific research vessel
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KEXUE in Okinawa Trough (Wang and Sun 2016). Sedi-
ment samples were collected from Iheya hydrothermal
fields using an electro hydraulic grabber equipped with
an underwater television camera, or a gravity corer. Sam-
ples INT4 (126°53.49'E, 27°47.25'N; 1028 m) and INT6
(126°54.32'E, 27°48.47'N; 1190 m) were located at
0.62 km and 2.09 km, respectively, from the hydrothermal
vents in Theya North, while samples IRT2 (126°58.52'E,
27°32.76'N; 1240 m) and IRS6 (126°52.81'E, 27°38.19'N;
1512 m) were located at 0.70 and 13.04 km, respectively,
from the hydrothermal vents in Iheya Ridge (Wang and Sun
2016). The ambient temperature of the sampling locations
was ~3°C. The samples were stored at —80°C and kept on
dry ice during transportation.

Chemical analysis

The chemical composition of the samples was analyzed by
the Research Center of Analysis and Measurement, Insti-
tute of Oceanology, Chinese Academy of Sciences. The
details of sample processing have been described previ-
ously (Sun et al. 2015; Zhang et al. 2015). Major metal ele-
ments were analyzed by inductively coupled plasma atomic
emission spectroscopy (Perkin Elmer, USA) using the
strong acid digestion method (Lee et al. 2006).

DNA extraction

For each surface sediment (upper 10 cm layer), 0.3 g was
used for genomic DNA extraction with a TIANamp Soil
DNA Kit (Tiangen, Beijing, China). Agarose gel elec-
trophoresis was used to analyze DNA degradation and
potential contamination. A NanoPhotometer spectropho-
tometer (IMPLEN, CA, USA) and a Qubit dsDNA Assay
Kit were used to determine DNA purity and concentration,
respectively.

Library construction

One microgram of DNA per sample was used for library
construction. A NEBNext Ultra DNA Library Prep Kit
for Illumina (NEB, USA) was used to generate 300 bp
sequencing libraries according to the manufacturer’s rec-
ommendations. Briefly, 1 pg of metagenomic DNA was
fragmented by sonication to generate ~300 bp fragments
that were end-repaired, A-tailed, and ligated with full-
length adaptors for further PCR amplification. PCR prod-
ucts were purified using an AMPure XP system, and librar-
ies were analyzed for size distribution with an Agilent 2100
Bioanalyzer and quantified using real-time PCR.
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Metagenomic sequencing and annotation

Metagenomic sequencing was performed using an Illu-
mina HiSeq 2500 platform (Illumina, USA) in Novogene
(Tianjin, China). Paired-end raw reads were generated after
sequencing, and clean data were extracted from raw reads
with the help of quality control processes that removed
adaptor fragments and low quality reads. The details of
sequence assembly, taxonomic analysis of scaftigs, and
annotation of genes have been reported previously (Wang
and Sun 2016).

Phylogenetic analysis

Phylogentic trees were constructed with Neighbor-Joining
method in MEGA 6 (Tamura et al. 2013), and bootstrap
values were based on percentages of 1000 replicates.

Accession number

Metagenome datasets have been deposited at the NCBI
Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
Traces/sra/) under the Accession Number SRP066129.

Results

Using an Illumina-based sequencing approach, we obtained
85-91 million raw sequences per sample after quality con-
trol (data size: ~11G/sample) (Wang and Sun 2016). A total
of 287,723, 84,399, 63,015, and 65,481 unique genes were
predicted in the metagenomes of INT4, INT6, IRS6, and
IRT2 respectively (Wang and Sun 2016). Transposase-
encoding genes were detected in all four metagenomes,
with relative abundances of 0.16, 0.44, 0.49, and 0.52%
in INT4, INT6, IRS6, and IRT2, respectively. Clustering
analysis based on functional genes showed that INT6 and
IRS6 clustered together, whereas INT4 and IRT2 formed
two distinct branches separated from each other and from
that formed by INT6 and IRS6 (Fig. 1). Comparison of the
four metagenomic datasets was conducted, with a focus on
the genes potentially involved in microbial adaptation to
deep-sea sediment environments surrounding hydrothermal
vents. These genes include those associated with phospho-
lipids and poly-gamma-glutamate (PGA) synthesis, poly-
amine biosynthesis, K* influx and efflux, glycine betaine
biosynthesis and transport, proline and trehalose biosyn-
thesis, pH and Na' homeostasis, mechanosensitive chan-
nels, and heavy-metal pumps, which have been reported to
be involved in microbial adaptations to deep-sea and other
harsh environments (Candela and Fouet 2006; Dibrova
et al. 2015; Epstein 1986; Fang et al. 2000; Krulwich and
Guffanti 1989; Rensing et al. 1997; Romantsov et al. 2009;

Silver 1996; Sleator and Hill 2001; Slonczewski et al.
2009; Strgm et al. 1986; Takaki et al. 2010). The relative
abundances of these genes in the four samples were shown
in Fig. S1.

Genes associated with phospholipids
and poly-gamma-glutamate (PGA) synthesis

Genes pgsA, pgpA, and cls, encoding phosphatidylglycer-
ophosphate (PGP) synthase (EC 2.7.8.5), PGP phosphatase
(EC 3.1.3.27), and cardiolipin synthase (EC 2.7.8.41),
respectively, are involved in the formation of phosphati-
dylglycerol (PG) and cardiolipin (CL). They were found
in the four metagenomes. The relative abundance of pgsA
was ~0.04% in each of the four metagenomes (Fig. 2).
The relative abundances of pgpA in INT4 (0.009%) and
IRT2 (0.014%) were lower than and similar to that in
INT6 (0.015%) and IRS6 (~0.015%), respectively (Fig. 2).
By contrast, cIs was relatively more abundant in INT4
(0.029%) and IRT2 (0.026%) than in INT6 (0.007%) and
IRS6 (0.011%; Fig. 2). Phylogenetic analysis based on the
amino acid sequences of Cls indicated that Cls was related
to the uncharacterized taxa belonging to Deltaproteo-
bacteria, Pseudomonadaceae, and Gemmatimonadaceae
(Fig. 3). Genes pssA and psd, which encode phosphati-
dylserine synthase and phosphatidylserine decarboxylase,
respectively, are involved in the synthesis of phosphatidy-
lethanolamine (PE), and both were abundant in all metage-
nomes, accounting for ~0.023% (Fig. 2). Genes related to
capsular poly-gamma-glutamate (PGA) synthesis were also
detected in all four metagenomes, with a relatively higher
abundance in INT6 (0.0148%) and IRS6 (0.0122%) than in
INT4 (0.0061%) and IRT2 (0.0076%). Phylogenetic analy-
sis based on amino acid sequence of PGA synthesis protein
encoded by capA showed that these sequences in the four
metagenomes were closely related to those from the Gram-
positive bacteria Paenibacillaceae and Streptomycetaceae,
the Gram-negative bacteria Nitrosomonadaceae, Caulo-
bacteraceae, and Rhizobiales, and the archaea Candidatus
Bathyarchaeota (Fig. 4).

Genes involved in polyamine biosynthesis and transport

Putrescine and spermidine are the most common polyam-
ines in prokaryotes (Tabor and Tabor 1985), and norsper-
mine and norspermidine are mainly found in hyperthermo-
philes (Daniel and Cowan 2000; Takaki et al. 2010). In the
four metagenomic datasets, we identified three putrescine
biosynthesis pathways (I, II, and III), all of which start with
arginine (Fig. 5a). Ornithine and agmatine can be directly
converted to putrescine by ornithine decarboxylase (speC,
EC 4.1.1.17) in pathway I and by agmatinase (speB, EC
3.5.3.11) in pathway II, respectively (Fig. 5a). In addition,
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Fig. 1 Clustering analysis of
the microbial communities in
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agmatine can also be converted to putrescine in two steps
via agmatine deiminase (aguA, EC 3.5.3.12) and N-carba-
moylputrescine amidase (aguB, EC 3.5.1.53) in pathway III
(Fig. 5a). Gene abundance analysis showed that speB was
relatively more abundant than speC, aguA, and aguB in
every metagenome (Fig. 5b). It is noteworthy that the rela-
tive abundances of pathway II genes speA (encoding argi-
nine decarboxylase, EC 4.1.1.19) and speB were relatively
higher in INT6 and IRS6 than in INT4 and IRT2 (Fig. 5b).
Spermidine is converted from putrescine by spermidine
synthase (speE, EC 2.5.1.16) or by the enzymes carbox-
yspermidine dehydrogenase (CASDH, EC 1.5.1.43) and
carboxyspermidine decarboxylase (CASDC, EC 4.1.1.96;
Fig. 5a). speE was relatively more abundant in INT6
(0.0403%), IRS6 (0.0389%), and IRT2 (0.0400%) than in
INT4 (0.0232%; Fig. 5b). By contrast, the gene encod-
ing CASDH was only present in INT4 and IRT2 (relative
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Transport and catabolism

Carbohydrate metabolism

Metabolism of cofactors and vitamins
Lipid metabolism

Metabolism of terpenoids and polyketides
Signaling molecules and interaction

abundance ~0.0004%), and the gene encoding CASDC
(nspC) was relatively more abundant in INT4 (0.0046%)
and IRT2 (0.0087%) than in INT6 (0.0004%) and IRS6
(0.0014%; Fig. 5b). Spermidine is finally degraded by
spermidine  N'-acetyltransferase (speG, EC 2.3.1.57;
Fig. 5a), and speG was detected in INT4 (0.0002%), INT6
(0.0020%), and IRS6 (0.0003%) but not in IRT2 (Fig. 5b).
In addition to biosynthesis of polyamines from arginine
and methionine, cytoplasmic polyamines can also originate
from the surrounding environment via polyamine uptake
systems (Fig. 5a). These systems include spermidine/
putrescine ATP-binding cassette (ABC) transport system,
PotABCD (a spermidine-preferential system), and Pot-
GHIF (a putrescine-specific system) (Igarashi et al. 2001;
Kashiwagi et al. 1996). Genes encoding spermidine/putres-
cine ABC transport systems were more abundant than
those encoding PotABCD and PotGHIF systems in all four
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metagenomes (Fig. 5c). The relative abundances of these
genes were higher in INT6 and IRS6 than in INT4 and
IRT2 (Fig. 5¢). Genes involved in antiport systems (e.g.,
arginine/ornithine antiporter, arginine/agmatine antiporter,
and basic amino acid/polyamine antiporter) and polyamine
efflux systems (spermidine export system) were also pre-
sent in all metagenomes (Fig. 5a, c). These may function to
expel the substrates (arginine, ornithine, and agmatine) and
products (putrescine and spermidine) of polyamine biosyn-
thesis. In every metagenome, especially INT4 and IRT2,
the abundances of the genes encoding basic amino acid/
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0.010

Relative abundance %
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A

0.005
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polyamine antiporters (TC.APA) were relatively higher
than that of the genes encoding other antiport systems
(ArcD and AdiC) (Fig. 5¢).

Genes involved in K* influx and efflux systems

In prokaryotes, K* is essential for turgor pressure home-
ostasis and salt tolerance (Nakamura et al. 1998). K*
uptake systems include Kdp, Trk (TrkA-TrkH and TrkG-
TrkH complexes), and Kup (Domene and Furini 2012;
Nakamura et al. 1998). The most well characterized
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Fig. 3 Phylogenetic analysis of cardiolipin synthase encoded by
cls. The tree was constructed using Neighbor-Joining method. Boot-
strap values are shown as percentages of 1000 bootstrap replicates.

efflux system is the Kef system (Roosild et al. 2002). In
our study, Trk was the most dominant K* uptake system,
encoded by trkA and trkH (Fig. 6). The relative abun-
dances of trkA and trkH varied from 0.0378 to 0.0516%
in the four metagenomes. Next in abundance was the
Kup system, which was also present in all metagenomes,
with a relative abundance of 0.0053, 0.0035, 0.0020, and
0.0024% in INT4, INT6, IRS6, and IRT?2, respectively
(Fig. 6). However, the Kdp system was present in INT4,
INT6, and IRS6, but not in IRT2 (Fig. 6), with a rela-
tive abundance of 0.0007, 0.0070, and 0.0012% in INT4,
INT6, and IRS6, respectively. Genes encoding the Kef
K* efflux system were present in the four metagenomes
(Fig. 6). The relative abundances of kefBCG were 0.0042,
0.0050, 0.0049, and 0.0124% in INT4, INT6, IRS6, and
IRT?2, respectively (Fig. 6). These genes were most abun-
dant in IRT2.
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Sequences from this study are in red. The scale bar represents
0.05 amino acid substitutions per site. y and 8 represent the classes
Gamma- and Deltaproteobacteria, respectively. (Color figure online)

Genes involved in glycine betaine biosynthesis
and transport systems

In prokaryotes, glycine betaine is a preferred compatible
solute among organic osmoprotectants (Sleator and Hill
2001). In Escherichia coli, glycine betaine is converted
from choline and betaine aldehyde via the osmotically
regulated Bet system (Strgm et al. 1986). The Bet system
consists of a high-affinity uptake system for choline (BetT),
a choline dehydrogenase (BetA), a betaine aldehyde dehy-
drogenase (BetB), and a regulatory protein (Betl) (Lamark
et al. 1992). In this study, genes of the Bet system were
found in all four metagenomes (Fig. 7a), but were strikingly
more abundant in INT6 and IRS6 than in INT4 and IRT2
(Fig. 7a). Glycine betaine can also accumulate via the ProU
and OpuD uptake systems. The ProU system, a multicom-
ponent ABC transport system with a much higher affinity
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Fig. 4 Phylogenetic tree based on amino acid sequences of capA
encoding the poly-gamma-glutamate synthesis protein. The tree was
constructed using Neighbor-Joining method. Bootstrap values are
shown as percentages of 1000 bootstrap replicates. Sequences from

for glycine betaine than proline, contains two cytoplasmic
membrane-bound proteins (ProV and ProW) and one peri-
plasmic binding protein (ProX) (Sleator and Hill 2001),
whereas OpuD, encoded by opuD, is a single-component
transporter (Sleator and Hill 2001). In our study, ProU sys-
tem genes were abundant in the four metagenomic datasets
(Fig. 7b), and genes for both ProU and OpuD systems were
more abundant in INT6 and IRS6 than in INT4 and IRT2
(Fig. 7b). In general, the relative abundance of opuD was
much lower than that of proX, proW, and proV in every
metagenome (Fig. 7b).

Genes involved in proline biosynthesis

In bacteria, proline can be synthesized via two pathways,
from glutamate or ornithine (Sans et al. 1988; Sleator and
Hill 2001). In our study, we identified both pathways in
the four microbial communities. Genes encoding gluta-
mate 5-kinase, glutamate-5-semialdehyde dehydrogenase,

this study are in red. The scale bar represents 0.1 amino acid substi-
tutions per site. o« and  represent the classes Alpha- and Betaproteo-
bacteria, respectively. (Color figure online)

pyrroline-5-carboxylate reductase, and ornithine cyclode-
aminase were detected in the four metagenomes (Fig. 8),
and their relative abundances were higher in INT6 and
IRS6 than in INT4 and IRT2 (Fig. 8).

Genes involved in trehalose biosynthesis

Trehalose as a cytoplasmic osmolyte accumulates in bacte-
ria under osmotic stress (Strgm et al. 1986). Four trehalose
biosynthesis pathways have been identified in prokaryotes,
namely OtsA-OtsB, TreT, TreY-TreZ, and TreS, encoded
by otsAB, treT, treYZ, and treS, respectively (Kouril et al.
2008). In this study, all four pathways were identified in
the four metagenomes. The genes ofsA and otsB were most
abundant, followed by treT (Fig. 9). The relative abun-
dances of ofsA and otsB were markedly higher in INT6
and IRS6 than in INT4 and IRT2. However, the opposite
was true of treT (Fig. 9). Compared to otsA and otsB, the
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Fig. 5 Polyamine metabolism. a Polyamine biosynthesis and trans-
port systems. The EC numbers of enzymes involved in the synthesis
of polyamines are boxed. Blue, red, and purple arrowed lines indicate
putrescine biosynthesis pathways I, II, and III respectively. Various
membrane-spanning transporters participating in the influx and efflux
of polyamines are indicated on the right. b Relative abundances of
genes encoding the enzymes involved in polyamine metabolism. EC
3.5.3.1, arginase (rocF); EC 4.1.1.17, ornithine decarboxylase (speC);
EC 4.1.1.19, arginine decarboxylase (speA); EC 3.5.3.11, agmatinase

abundances of treY, treZ, and treS were much lower in all
four metagenomes (Fig. 9).

Mechanosensitive channel genes
Mechanosensitive channels (MSCs) are major routes for

the release of cytoplasmic solutes, and their function
helps to achieve a rapid reduction in the turgor pressure
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(speB); EC 3.5.3.12, agmatine deiminase (aguA); EC 3.5.1.53, N-car-
bamoylputrescine amidase (aguB); EC 2.5.1.16, spermidine synthase
(speE); EC 2.5.1.6, S-adenosylmethionine synthetase (metK); EC
4.1.1.50, S-adenosylmethionine decarboxylase (speD); EC 1.5.1.43,
carboxyspermidine dehydrogenase; EC 4.1.1.96, carboxyspermidine
decarboxylase (nspC); EC 2.3.1.57, spermidine N'-acetyltransferase
(speG). ¢ Relative abundances of genes encoding transporters of pol-
yamine transport systems. (Color figure online)

in response to a rapid decrease in external osmolarity
(Berrier et al. 1992). In bacteria, two MSCs have been
cloned and crystallized: the large conductance chan-
nel MscL (Chang et al. 1998; Sukharev et al. 1994) and
the small conductance channel MscS (Bass et al. 2002;
Levina et al. 1999). In our study, mscS was much more
abundant than mscL in every metagenome (Fig. 10). In
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Kup system; trkA and trkH, encoding K* uptake proteins TrkA and
TrkH of Trk system; kefBCG, encoding glutathione-regulated K*
efflux (Kef) system

addition, the abundances of mscS in INT6 and IRS6 were
higher than that in INT4 and IRT2 (Fig. 10).

Genes involved in pH homeostasis

In deep-sea sediments enriched with organic matters, main-
taining an optimal pH is essential to intracellular enzyme
activities and physiological processes. Proton entry and
efflux are critical for intracellular pH homeostasis, which
use primary proton pumps such as H*-coupled ATPases,
and secondary transporters such as cation/proton antiport-
ers (Hunte et al. 2005; Janto et al. 2011; Krulwich et al.
2011; Slonczewski et al. 2009). In this study, various cation
(Na*, K*, and Ca?*)/proton antiporters, proton-exporting
ATPase, F,F -ATPase, and the proton/glutamate symporter
were detected in every metagenome (Fig. 11). These trans-
port systems are responsible for the entry and efflux of
protons in exchange with cations. Genes of the afp operon
encoding F|F -ATPase were abundant in all metagenomes
(Fig. 11b). Among the secondary active transporters, the
multicomponent Na*/H™ antiporter was most abundant, fol-
lowed by monovalent cation/proton antiporter-2 (CPA2),
monovalent cation/proton antiporter-1 (CPA1), multicom-
ponent K*/H* antiporter, and Na'/H* antiporter NhaA
(Fig. 11b). The relative abundances of genes encoding Na*/
H™* antiporter NhaB, Ca**/H* antiporter ChaA, and proton/
glutamate symporter were very low in every metagenome
(Fig. 11b). It is noteworthy that the relative abundances of
Na*/H* antiporter NhaC and proton-exporting ATPase in
INT4 and IRT2 were much higher than that in INT6 and
IRS6 (Fig. 11b).

Genes involved in Na*t homeostasis

Genes encoding primary Na* pumps and Na*-dependent
secondary transporters were found in our four metagen-
omic datasets. The relative abundances of genes encod-
ing inorganic pyrophosphatase and sodium-transporting
NADH:ubiquinone oxidoreductase were markedly higher
than that of genes encoding the sodium transport system
and oxaloacetate decarboxylase (Fig. 12). Na*/H* antiport-
ers, mentioned above in reference to pH homeostasis, likely
play a dominant role in cytoplasmic Na* export. Some co-
transporting systems, such as the solute/Na® symporter,
neurotransmitter/Na™* symporter, glutamate/NaJr symporter,
and phosphate/Nat symporter (Fig. 12), probably func-
tion in Na™ re-entry coupled to solute uptake. The relative
abundances of genes encoding the neurotransmitter/Na*
symporter were relatively higher in INT4 and IRT?2 than in
INT6 and IRS6 (Fig. 12). By contrast, the relative abun-
dances of genes encoding the phosphate/Na® symporter
were higher in INT6 and IRS6 than in INT4 and IRT2
(Fig. 12).

Genes encoding heavy-metal pumps

The metals Ca, Fe, Mg, Mn, Ba, Cu, Pb, Zn, and As were
detected in the four sediments, of which Cu, Pb, and Zn
were relatively much more abundant in INT4 and IRT2
(Table S1). In our metagenomic datasets, the genes related
to Cu’-exporting and Cd**/Zn**-exporting ATPases,
which are probably involved in pumping Cu, Zn, and/or
Cd, were found in all four metagenomes. The relative abun-
dances of these genes were higher in INT4 and IRT2 than
in INT6 and IRS6 (Fig. S2). Phylogenetic analysis based on
the sequences of Cd**/Zn**-exporting ATPase showed that
they were related to novel uncharacterized taxa belonging
to the classes of Alpha-, Beta-, Gamma-, Zetaproteobacte-
ria, Deinococci, and Halobacteria, and the phyla Nitros-
pirae and Candidatus N10 (Fig. 13).

Discussion
Composition of cell surface structure

The cell surface structure (membrane and cell wall) is
essential to the survival of microorganisms in extreme
environments. As a survival mechanism, the phospholipid
composition of the bacterial membrane, especially the car-
diolipin content, can change in response to external stresses
(Clejan et al. 1986; Corcelli 2009; Enomoto and Koyama
1999; Romantsov et al. 2007, 2009; Zhang and Rock 2008).
In our study, we found that the cls gene was more abundant
in INT4 and IRT2, which are closer to hydrothermal vents

@ Springer
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Fig. 7 Glycine betaine biosynthesis and transport systems. a The
glycine betaine biosynthesis pathway proceeding via the Bet system
using exogenous choline (left), and the relative abundances of genes

than INT6 and IRS6, while the pgpA gene was more abun-
dant in INT6 and IRS6. These results indicate that the com-
positions of phospholipids PG and CL varied in the micro-
organisms from different habitats, and were affected by the
distance from hydrothermal vents. Previous reports showed
that CL has the potential to act as a proton sink in mem-
branes, and elevated CL facilitates adaptation to higher
salinity and pH (Enomoto and Koyama 1999; Haines and
Dencher 2002; Lopez et al. 2006; Romantsov et al. 2007,
2009). The relatively higher abundance of CL-encoding

@ Springer

encoding the Bet system (right). b Relative abundances of genes
encoding the glycine betaine uptake systems OpuD and ProU

gene in the sediments closer to the vent sites suggests that
elevating the CL content may serve to enhance proton per-
meability, thereby contributing to the maintenance of cyto-
plasmic pH homeostasis, which is likely to be a more chal-
lenging task at sites closer to vents.

Phylogenetic analysis showed that in our study, PGA
was synthesized by some bacteria, especially Gram-posi-
tive bacteria, and by Bathyarchaeota. Bathyarchaeota was
recently reported as a novel methanogenic archaeal line-
age in deep-ocean and freshwater sediments (Evans et al.
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2015). The presence of Bathyarchaeota in our samples sug-
gests a possible participation of Bathyarchaeota in methane
production in Theya hydrothermal fields. In addition, PGA
can also be synthesized by some chemolithoautotrophs
belonging to Nitrosospira, which are able to oxidize ammo-
nia (Bock and Wagner 2006). It has diverse physiological
functions and plays different roles that enable the organ-
ism to adapt to specific environments (Candela and Fouet
2006). Some bacteria use PGA for capsule synthesis, while
others use it for the sequestration of metal ions and reduc-
ing high local salt concentrations (Hezayen et al. 2001;
Kandler et al. 1983; McLean et al. 1990; Uchida et al.
1985). In our study, a higher abundance of PGA-encoding
genes was found in INT6 and IRS6 than in INT4 and IRT2,
indicating an influence of the proximity to vents in this bio-
logical function.
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Fig. 10 Abundance of genes encoding mechanosensitive channels.
mscS, coding gene of mechanosensitive channel of small conduct-
ance; mscL, coding gene of mechanosensitive channel of large con-
ductance

Polyamine metabolism and homeostasis

In this study, pathway II (via agmatinase) was identified as
the major route for putrescine biosynthesis, and is likely
to be preferred by microorganisms inhabiting the regions
distant from the vents, as indicated by the richness of the
speB gene in INT6 and IRS6. Spermidine can be directly
converted from putrescine by spermidine synthase as a pri-
mary biosynthetic route, or indirectly via carboxyspermi-
dine as an alternative route, i.e. the CASDH/CASDC path-
way, which is known to be critical for the growth of some
bacteria such as Campylobacter jejuni (Hanfrey et al. 2011)
and Deferribacter desulfuricans (Takaki et al. 2010). Given
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Fig. 11 pH homeostasis. a A
Transport systems involved

in proton influx and efflux. b
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the relatively higher abundance of CASDH- and CASDC-
encoding genes in INT4 and IRT2, the CASDH/CASDC
biosynthesis pathway probably plays a more important role
in the survival of microbial communities closer to vent ori-
fices. The basic amino acid/polyamine antiport system was
observed in all four metagenomes in this study. Importing
new basic amino acids through this system probably con-
tributes to pH homeostasis in these microbial communities.
In addition, carbon dioxide and ammonia, produced dur-
ing polyamine biosynthesis (Tabor and Tabor 1985), could
also participate in intracellular pH regulation. Therefore,
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polyamine metabolism is probably connected with pH
homeostasis in microbes inhabiting the hydrothermal fields
of Theya.

Osmoadaptation

More Nat than K* is contained in marine environments,
while it is contrary in the cytoplasm of marine microbes
(Dibrova et al. 2015). To maintain a relatively higher con-
centration of intracellular K*, multiple K uptake systems
exist in microorganisms. In our study, three K uptake
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systems (KdpFABC, Kup, and Trk) were found in the four =~ from inactivation or denaturation caused by a variety of
metagenomes. Of these, the Trk system was the most abun- stresses (Elbein et al. 2003). MSCs (MscL and MscS) are
dant, presumably due to its low affinity for K™ (Epstein  responsible for the rapid release of intracellular solutes in
1986). The Kup system, which has an intermediate affinity ~ response to osmotic shock to protect cells from lysis (Ber-
for K* (Nakamura et al. 1998), was the next abundant sys- rier et al. 1992; Levina et al. 1999). In our study, mscS was
tem. The least abundant K* uptake system (KdpFABC) is ~ much more abundant than mscL in all metagenomes, sug-
inducible in E. coli and has a high affinity for K* (Epstein ~ gesting that MscS was likely preferred by the microorgan-
1986). These results support the hypothesis that the low-  isms in the four sediments, which is in line with the report
and intermediate-affinity K* uptake systems (Trk and Kup)  of Bass et al., who found that MscS has a far greater distri-
are widely used by the microorganisms at all four sites as  bution than MscL throughout bacteria (Bass et al. 2002).
‘house-keeping’ K* influx systems, while the high-affinity
system (Kdp) was only present in some microbes, possibly ~ pH homeostasis
as an emergency system that operates when K* uptake is
urgently required. The primary proton pump F,F -ATPase was abundant in
Under osmotic stress, microorganisms accumulate  the four sediments in our study. F,F -ATPase generates pro-
organic osmolytes together with K* in their cytoplasm to  ton motive force in microorganisms and promotes protons
enhance the internal osmotic strength (Strgm et al. 1986). across the membrane (Krulwich et al. 2011). Since greater
In the four metagenomic datasets in our study, we identified  energy is required to maintain cytoplasmic pH homeo-
abundant genes related to the biosynthesis and transport of  stasis and ATP synthesis to support microbial growth at
glycine betaine, proline, and trehalose, which may serve as  higher pH or under alkaline conditions (Hicks et al. 2010),

organic osmolytes and play a role in microbial osmoadap-  the abundant FF -ATPase may serve to provide suffi-
tation. Indeed, previous reports have shown that glycine  cient ATPs for pH regulation in microbes inhabiting hash
betaine and proline confer osmoprotection and salt toler-  hydrothermal environments. The richness of F,F -ATPase

ance in bacteria (Ko et al. 1994; Sleator et al. 2001; Strgm is consistent with the high abundance of multiple cation/
et al. 1986), and trehalose protects proteins and membranes  proton antiporters, which probably require energy (ATPs)
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Fig. 13 Phylogenetic tree based on amino acid sequences of Cd**/
Zn** transporting ATPase. The tree was constructed using Neighbor-
Joining method. Bootstrap values are shown as percentages of 1000

produced by F,F -ATPase. It has also been reported that
Na*/H* antiporter is energized by the electrochemical pro-
ton gradient formed by F,F -ATPase (Krulwich and Guf-

fanti 1989).

Na™ homeostasis

Energy transduction in most bacteria is realized by com-
bining a primary proton pump with the generation of a
sodium gradient (Speelmans et al. 1995). There are a vari-
ety of Nat pumps participating in the generation of electro-
chemical gradient (Dibrova et al. 2015; Krulwich and Guf-
fanti 1989). In the four samples in our study, the dominant

@ Springer

bootstrap replicates. Sequences from this study are in red. The scale
bar represents 0.05 amino acid substitutions per site. y represents the
class Gammaproteobacteria. (Color figure online)

primary Na* export pumps were inorganic pyrophosphatase
and Na*-translocating NADH:ubiquinone oxidoreductase,
which are independent of proton-motive force (Dibrova
et al. 2015). Some solute-sodium co-transport systems (i.e.,
neurotransmitter/Na®™ symporter, solute/Na®™ symporter,
glutamate/Na* symporter, and phosphate/Na*™ symporter)
were likely responsible for Na* re-entry and functioned as
complementary components in Na™ homeostasis.

Heavy-metal pumps

In this and previous studies, metal elements including the
toxic heavy metals Cu, Pb, and Zn were detected in Theya
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North and Iheya Ridge. Consistent with the observa-
tion that Cu and Zn were enriched in INT4 and IRT2, the
relatively abundances of genes encoding Cu**-exporting
ATPase (CopB) and Cd**/Zn**-exporting ATPase (ZntA)
were much higher in INT4 and IRT2 than in INT6 and
IRS6. CopB and ZntA are well-characterized metal pumps
with a high affinity for Cu®* and Zn* respectively (Mana-
Capelli et al. 2003; Palmgren and Nissen 2011; Rensing
et al. 1997). These pumps likely participate in exporting
excess heavy-metal ions from the cytoplasm, thereby con-
ferring resistance to copper, zinc, and/or cadmium. In this
study, some bacteria containing zntA were closely related to
Nitrospira, Methylococcaceae, and Mariprofundus, which
are capable of oxidizing ammonia, methane, and Fe?*
respectively (Nunes-Alves 2016; Ruff et al. 2015; Singer
et al. 2011).

Conclusion

In this study, we provided the first systematic genetic evi-
dences that microorganisms inhabiting the sediments sur-
rounding hydrothermal vents in Theya North and Iheya
Ridge possess genes involved in a variety of metabolic pro-
cesses that maintain specific cell surface structure, osmo-
adaptation, and homeostasis of organic solutes, inorganic
ions, and pH. In addition, we observed apparent influences
of the distance from hydrothermal vents on the distribu-
tion of some of these genes. These results add insight into
microbial adaptation mechanisms in deep-sea environments
associated with hydrothermal fields.
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