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Site F is the most vigorous cold seep known on the continental slope of the

northern South China Sea. Up to now, the microbial community structures in

sediments of Site F based on the high-throughput sequencing of the 16S rRNA

genes have been studied extensively. However, few studies investigated the

microbial community structures at fine vertical scales of Site F and control

stations outside Site F. In this study, a comprehensive investigation of microbial

communities in sediments of Site F along the depths varying from 0 to 24 cm

below sea floor (cmbsf) of four sampling sites—SRS (Southern Reduced

Sediment), NRS (Northern Reduced Sediment), Control 1 (close to Site F), and

Control 2 (far from Site F)—was carried out. The high relative abundances of

anaerobic methanotrophic archaea (ANME), Desulfobacterota [sulfate-

reducing bacteria (SRB)], and Campylobacteria [sulfur-oxidizing bacteria

(SOB)] in SRS and NRS indicated that these two sites were newborn cold

seep sites compared with non-seep sites, Control 1, and Control 2. A positive

correlation between ANME-1b, ANME-2, and SEEP-SRB and an enrichment

of Sulfurovum andMethlomonadaceaewere found in the surface sediments of

both SRS and NRS, indicating that the processes of anaerobic oxidation of

methane (AOM), sulfur oxidation, and sulfate reduction might occur in seep

sites. SRS was enriched with ANME-1b and SEEP-SRB2 with a proposed sulfate-

methane transition zone (SMTZ) approximately located at 8 cmbsf. The high

abundance of ANME in SRS may due to the high concentration of methane.

NRS was enriched with ANME-2, Desulfatiglans , Sulfurovum, and

Methanosarcinaceae with a proposed SMTZ at about 10 cmbsf. According to

the analyses of microbial community structure and environmental factors, NRS

could be described as a notable cold seep reduced sediment site with low

sulfate and high H2S that nourished abundant SEEP-SRB1, ANME-2,

Methanosarcinales, and Sulfurovum, which showed similar distribution
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pattern. Our study expands the current knowledge on the differences of

microbial communities in cold seep sites and non-seep sites and sheds light

on the horizontal and vertical heterogeneity of sediment microbial community

in Site F.
KEYWORDS
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Introduction

Deep-sea cold seeps usually refer to the ecosystems located at

continental slopes, where dissolved and gaseous methane and

reductive fluids emitted from oceanic subsurface (Boetius and

Wenzhöfer, 2013; Li et al., 2021). The fluids enriched with

hydrocarbons (primarily methane) and hydrogen sulfide

sustain distinct microbiomes involved in various reactions in

marine sediments, making the cold seep an oasis enriched with

key functional groups including methanotrophs, methanogens,

hydrocarbon degraders, and sulfate-reducing bacteria (SRB)

(Jørgensen and Boetius, 2007; Boetius and Wenzhöfer, 2013;

Li et al., 2021). Microorganism-mediated anaerobic oxidation of

methane (AOM) is a dominant process at cold seep ecosystems

and a major global sink of methane (Knittel et al., 2005; Sun

et al., 2020). AOM is often associated with the reduction of

sulfate, and the total reaction is CH4(aq)  +  SO2−
4 !  HS− +

 HCO−
3 +  H2O, which is usually performed by a consortium of

anaerobic methanotrophic archaea (ANME) and SRB (Hoehler

et al., 1994; Cui et al., 2019). ANME, which could be classified

into ANME-1, ANME-2, and ANME-3, are found widely

distributed in cold seep sediments (Knittel et al., 2005;

Vigneron et al., 2013; McKay et al., 2016; Niu et al., 2017; Wu

et al., 2018; Cui et al., 2019; Zhang et al., 2020). ANME-1 are

divided into ANME-1a and ANME-1b subgroups, whereas

ANME-2 are most widely distributed and divided into ANME-

2a, ANME-2b, ANME-2c, and ANME-2d subgroups (Orphan

et al., 2002; Mills et al., 2003; Knittel et al., 2005).

In general, the syntrophic partners of ANME-1 and ANME-

2 are SRB affiliated with Desulfosarcina/Desulfococcus (DSS;

within the Desulfobacteraceae) or Desulfobulbus (DBB; within

the Desulfobulbaceae) (Orphan et al., 2001a; Orphan et al.,

2001b; Orphan et al., 2002; Boetius et al., 2000; Jørgensen and

Boetius, 2007; Zhang et al., 2020). It was found that ANME-1

were associated to SEEP-SRB2 (within the Desulfuribacteraceae)

(Ruff et al., 2016); ANME-2 were associated to SEEP-SRB1

(members of DSS), SEEP-SRB2, and SEEP-DBB (members of

DBB) (Orphan et al., 2001a; Pernthaler et al., 2008; Kleindienst

et al., 2012; Green-Saxena et al., 2014; Ruff et al., 2016); and
02
ANME-3 were associated with DBB and SEEP-SRB1 (Niemann

et al., 2006; Lösekann et al., 2007; Schreiber et al., 2010).

Furthermore, ANME-1 may perform AOM process via

reversal of the methanogenic pathway without a bacterial

partner (Orphan et al., 2002; Knittel et al., 2005; Stokke et al.,

2012; Cho et al., 2017). Sulfur-oxidizing bacteria (SOB) also

inhabit widely in cold seep sediments, many of which are

affiliated with Campylobacterota and Gammaproteobacteria

(Feng et al., 2018; Sun et al., 2020; Li et al., 2021). SOB play

an important role in sulfide oxidation, which occurs in the near-

surface sediment and supplies sulfate to the layers below (Li

et al., 2021). Sulfate diffuses from above and methane rises from

below, resulting in a region where sulfate and methane coexist

called the sulfate-methane transition zone (SMTZ) (Borowski

et al., 1996). The microbial consortia of ANME and SRB

involved in AOM and sulfate reduction are often found in

SMTZ (Boetius et al., 2000; Orphan et al., 2002).

Since the first cold seep discovered in the South China Sea

(SCS) in 2004, more than 40 cold seeps were found on the

continental margins of the SCS (Chen et al., 2005; Feng et al.,

2018). Among them, Site F (22°06.922N; 119°17.130E) is the first

intensely vigorous cold seep known on the continental slope of

the northern SCS (Feng and Chen, 2015; Wang et al., 2021). Site

F is found extremely active and characterized by an authigenic

carbonate mound, which interspersed with cold seeps and

benthic communities as well as surrounded by shell bed

features and reduced sediments (Wang et al., 2021). In Site F,

sufficient cold seep fluids are migrating along and escaping at the

bottom of the authigenic carbonate mound, resulting in presence

of the newly formed reduced sediment patches (Wang

et al., 2021).

Up to now, a series of studies focused on the microbial

communities in sediments of Site F have been carried out with

high-throughput sequencing based on the 16S rRNA genes. It

was found that Sulfurovum was the dominated microorganisms

in the surface sediments, whereas Deltaproteobacteria,

Methanomicrobia, and Dehalococcoidia were abundant in the

subsurface (Sun et al., 2020). In addition, Nitrosopumilus was

also found dominant and type I methanotrophs was found
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conducted aerobic methane oxidization in Site F sediments (Jing

et al., 2020). In the SMTZ, the high relative abundance of

ANME-1b may perform AOM in collaboration with ANME-

2c and Desulfobacteraceae (Cui et al., 2019). Studies on Jiaolong

cold seep closed to Site F revealed that Sulfurimonas,

Sulfurovum, and ANME-1 dominated the surface sediment

layers, whereas SEEP-SRB1, ANME-2, ANME-1, and ANME-3

dominated the deeper sediment layers (Wu et al., 2018; Li et al.,

2020; Li et al., 2021). It was found that ANME, especially

ANME-2a-2b, as well as SOB and SRB were dominant

microorganisms in the SMTZ of Jiaolong (Li et al., 2021).

However, the conclusions varied among studies because of the

inconsistency of sampling locations and depths. Many studies

were limited by the number of sampling stations and few studies

investigated stations apart from the cold seeps as control. In

addition, the microbial community structures and metabolic

potentials along the fine vertical scales of these seeps are still

unknown (Jing et al., 2020).

In this study, we investigated the microbial communities of

sediment samples among four sites around Site F by high-

throughput sequencing based on the 16S rRNA gene

amplicons. Our study aimed the following: to (i) determine

and compare the difference of microbial communities in the cold

seep sites and non-seep control sites along the horizontal and

vertical directions at fine vertical scales and to infer the SMTZ

depths of cold seep sites; (ii) to investigate the relationship of

SRB, SOB, ANME, and other methane-metabolizing microbes to

depict the ecological integrity of cold seep sites; and (iii) to

improve the understanding of microbial biogeochemical

processes in cold seeps of SCS.
Materials and methods

Sample collection and environmental
characterization

Samples were collected from Site F cold seep in the SCS

during the scientific cruise of R/V “Kexue” organized by the

Institute of Oceanology, Chinese Academy of Sciences in June,

2021. The four sampling sites are SRS, NRS, Control 1, and

Control 2 (Figure 1A). SRS is the reduced sediment site at

southeastern periphery of authigenic carbonate mound and

about 50 m from the known seepage, and NRS is the reduced

sediment site at northern periphery of the authigenic carbonate

mound and about 120 m from the seepage. Control 1 is on the

south near Site F and about 85 m from the seepage, whereas

Control 2 is on the southwest far from Site F and about 320 m

from the seepage (Wang et al., 2021). Sediment samples from

these sites were collected by Discover manned submersible dives

261, 263, 267, 268, and 271, respectively, with pushcore

equipment. The cores were washed with sterile water and kept

closed before sampling. After sampling, the cores were closed
Frontiers in Marine Science 03
again and taken on board. The core was opened on board, and

the sediment inside was pushed up from the bottom of the core.

When the sample emerged at the top end of the core, subsample

was taken for every 2 cm with a stainless‐steel cutter, and

considered as one sample. To analyze the concentration of

methane in sediment methane, 3 ml of sample was transferred

with a 5-ml cutoff syringe to a 22-ml serum vial containing 3 ml

of NaOH (2 mol /L) (purged with 99.999% N2), crimp sealed,

and stored at 4°C for subsequent next measurement (Zhuang

et al., 2019). In addition, the pore waters were extracted with

Rhizons samplers (The Netherlands) inserted into the pre-

drilled holes in PVC tubes and attached to vacuum test tubes

by 23G needles under N2 atmosphere (Zhao et al., 2017).

Notably, site SRS was sampled twice by two dives and named

as SRS 1 and SRS 2. All sampling depths ranged from 12 to

22 cm below sea floor (cmbsf). A total of 53 sediment samples

were obtained, named as SRS 1_0-20, SRS 2_0-22, NRS_0-20,

Control 1_0-12, and Control 2_0-22. All the samples were stored

in sterile sampling bags and were immediately frozen at −80°C.

Methane concentrations were measured using a gas

chromatograph (GC; SRI Instruments) equipped with a

HayeSep column and a flame ionization detector by injecting

500 ml of headspace gas, and the analytical precision was better

than 1.5% (Zhuang et al., 2019). The sulfate concentration in

pore waters was determined with a Dionex ICS-3000 ion

chromatography (USA) on 1:200 diluted aliquots in Milli-Q

water, and the relative standard deviation of duplicate analyses

was less than 1% (Zhao et al., 2017).
DNA extraction and PCR amplification

Microbial community genomic DNA was extracted from

sediment samples using the FastDNA® Spin Kit for Soil (MP

Biomedicals) and a FastPrep‐24 cell disrupter (MP Biomedicals)

according to manufacturer’s instructions. The extracted DNA

was checked on 1% agarose gel, and DNA concentration and

purity were determined with NanoDrop 2000 UV-vis

spectrophotometer (Thermo Scientific, Wilmington, USA).

The hypervariable region V4 of prokaryotic (bacterial and

archaeal) 16S rRNA genes was amplified with primer pairs

515FmodF (5′‐GTGYCAGCMGCCGCGGTAA‐3′) and

806RmodR (5′‐GGACTACNVGGGTWTCTAAT‐3′) by an

ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA)

(Walters et al., 2015). The PCR amplification of 16S rRNA

gene was performed as follows: initial denaturation at 95°C for

3 min; 29 cycles of denaturing at 95°C for 30 s, annealing at 55°C

for 30 s, extension at 72°C for 45 s; single extension at 72°C for

10 min and end at 10°C. The PCR mixtures contain 5×

TransStart FastPfu buffer of 4 ml, 2.5 mM dNTPs of 2 ml,
forward primer of (5 mM) 0.8 ml, reverse primer of (5 mM) 0.8

ml, TransStart FastPfu DNA Polymerase of 0.4 ml, bovine serum
albumin (BSA) of 0.2 ml, template DNA of 10 ng, and finally
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ddH2O of up to 20 ml. PCR reactions were performed in

triplicate. The PCR product was extracted from 2% agarose gel

and purified using the AxyPrep DNA Gel Extraction Kit

(Axygen Biosciences, Union City, CA, USA) according to the

manufacturer’s instructions and quantified using Quantus™

Fluorometer (Promega, USA).
Sequencing and reads processing

Purified amplicons were pooled in equimolar and paired-

end sequenced on an Illumina NovaSeq PE250 platform

(Illumina, San Diego, USA) according to the standard

protocols by Majorbio Bio-Pharm Technology Co. Ltd.

(Shanghai, China). The raw reads have been deposited into the

NCBI Sequence Read Archive (SRA) database (Accession

Number: PRJNA827936).

The raw 16S rRNA gene sequencing reads were

demultiplexed, quality-filtered by fastp version 0.20.0 (Chen

et al., 2018), and merged by FLASH version 1.2.7 (Magoč and

Salzberg, 2011) with the following criteria: (i) the 300 bp reads

were truncated at any site receiving an average quality score of

<20 over a 50-bp sliding window, and the truncated reads

shorter than 50 bp and containing ambiguous characters were

discarded; (ii) only overlapping sequences longer than 10 bp

were assembled according to their overlapped sequence. The

maximum mismatch ratio of overlap region is 20%, and reads

that could not be assembled were discarded; (iii) samples were

distinguished by barcoding (exact matches) and primers

(allowing 2-nucleotide mismatches). Operational taxonomic

units (OTUs) with 97% similarity cutoff (Edgar, 2013) were

clustered using UPARSE version 7.1 (Edgar, 2013), and chimeric

sequences were identified and removed. The taxonomy of each

OTU representative sequence was analyzed by RDP Classifier

version 2.2 (Wang et al., 2007) against the 16S rRNA gene
Frontiers in Marine Science 04
database (Silva v138) (http://www.arb-silva.de) using confidence

threshold of 70% (Quast et al., 2013).
Quantitative PCR

Quantitative PCR was performed to quantify the abundance

of total bacterial and archaeal 16S rRNA gene with the specific

primer sets 967R/1046R (Sogin et al., 2006) and 967F/1060R

(Cadillo-Quiroz et al., 2006), respectively. A 20-μl reaction

system contained 10 μl of SYBR Premix ExTaq II (2×), 0.4 μl

of ROX Reference Dye II (50×) (TaKaRa, Tokyo, Japan), 0.4 μl

(0.8 μl for archaea; 10 μM) of primers, and 2 μl of template. For

bacterial 16S rRNA gene, the thermal cycling steps consisted of

an initial denaturation at 95°C for 5 min, 40 cycles of 95°C for 30

s, 53°C for 1 min, and 72°C for 15 s and a final extension at 72°C

for 10 min. For archaeal 16S rRNA gene, the thermal cycling

steps contain an initial denaturation at 95°C for 30 s, 40 cycles of

95°C for 5 s, 50°C for 30 s, and 72°C for 30 s and a final extension

at 72°C for 5 min. All assays with negative controls were

conducted in triplicate, using a QuantStudio 5 System

(Thermo Fisher Scientific). Standard curves were generated by

PCR amplification of a 10-fold serial dilution of plasmids

containing target gene fragments. The amplification curves

showed good linear relationships (R2 > 0.999) and the

amplification efficiencies >0.90.
Data analysis and statistics

The analyses of microbial diversity were performed with the

“vegan” package in R software. Chao1 and Shannon indices of a‐
diversity based on similarities (ANOSIM) were chosen to display

microbial community richness and community diversity,

respectively. The distribution patterns of microbial
A
B

FIGURE 1

The locations and environmental characteristics of sampling sites. (A) The locations of sampling sites. Seabed features associated with cold seep
activity at Site F referred to Wang et al. (2021). (B) The chemical properties of sediment samples.
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communities were analyzed by non-metric multidimensional

scaling (NMDS) and hierarchical clustering of b-diversity based
on Bray–Curtis distances. The relationship between the

community structures at the OTU level and the environmental

variables was displayed by distance-based redundancy analysis

(db-RDA) based on Bray–Curtis distances. The line charts

showing sulfate and methane concentrations, bar graphs

showing microbial community composition at various

taxonomic levels, as well as ternary plot showing the

distribution and relative abundance of the top 50 genera

between sediment sites were performed by Originpro 2021

software (https://www.originlab.com).

Co-occurrence network analyses were conducted in R

software with “igraph” and “Hmisc” packages. The co-

occurrence patterns were generated with the top 50 abundant

microbial genera, as well as the top 50 abundant bacterial and

archaeal genera across all samples to reduce network complexity.

Co-occurrence paired with a Spearman’s correlation coefficient

>0.7 or<−0.7 and a P-value<0.01 (Benjamini and Hochberg

adjusted) was considered as a valid relationship. Gephi 0.9.2

software (http://gephi.org) was used for network visualization

(Jacomy et al., 2009).
Results

Environmental characteristics

The sulfate concentration in porewater of most sediment

samples and the methane concentration of SRS 2, NRS, and

Control 2 were determined (Figure 1B). The SO4
2−/Cl− value

could show the exact sulfate concentration by eliminating

the influence of salinity. Site NRS exhibited an obvious lower.

SO4
2−/Cl− value than SRS and Control 2 at all depths. Meanwhile,

SO4
2−/Cl− value in NRS decreased with depths and was almost 0 at

10 cmbsf, whereas that in Control 2 remained comparatively

constant. As for the content of methane, Control 2 remained

almost 0 at all depths, whereas in NRS, increased obviously from

0 to 4 cmbsf and then decreased to stabilization. Despite great

variations with depths, SRS 2 exhibited a superiority of methane

than NRS in general.
Horizontal a‐diversity patterns and
general microbial abundances

A total of 3,194,466 reads were generated after quality

control, discard of singletons, and then rarefaction. The

sequencing statistics of all samples were showed in Table S1.

Each sample was rarefied and clustered into 26,046 OTUs at a

97% similarity level (22,802 bacterial OTUs and 3,162 archaeal

OTUs) for further analyses. Chao1 and Shannon indices

indicated the microbial community richness and diversity of
Frontiers in Marine Science 05
different sampling sites. Figures 2A, B show that Chao1 and

Shannon indices varied among sites, ranging from 3,786.8 to

4,224.9 and 5.06 to 6.95, respectively. In general, there was

significant differences in richness and diversity among seep sites

(SRS and NRS) and non-seep sites (Control 1 and Control 2).

Sites SRS and NRS, especially NRS, had lower richness and

diversity indices compared with Control 1 and Control 2. In

addition, the Shannon indices of SRS 1, SRS 2, and NRS did not

show significant difference.

Quantitative PCR showed that the abundances of bacterial

16S rRNA gene were about 1.0 order of magnitude higher than

that of archaea in SRS and Controls; however, the opposite result

was found in NRS (Figure 2C). The bacterial and archaeal 16S

rRNA gene abundances decreased at 0–4 cmbsf, and a sharp

increase of archaeal abundance was observed at 6–12 cmbsf in

SRS 1 and SRS 2. In NRS, the abundance of bacteria increased

below 14 cmbsf, and the archaeal abundances were relatively

high at all depths. In general, the abundances of archaeal 16S

rRNA gene showed more distinguishable among sites than that

of bacteria.
Horizontal and vertical b‐diversity
patterns

NMDS and hierarchical clustering based on Bray–Curtis

distances are performed to visualize the differences and

relationship of the microbial communities in the 53 samples

along the sites and depths (Figures 2D, E). Samples from each

site were distinguished with each other at OTU level of the total

prokaryotes (stress = 0.067), bacteria (stress = 0.067), and

archaea (stress = 0.1018) (Figures 2D, E and Figures S1, S2).

Samples from SRS 1 and SRS 2 clustered together and had

similar microbial compositions. Moreover, bacterial and

archaeal communities from sites Control 1 and Control 2 were

clustered together and were apart from SRS and NRS.

Hierarchical clustering also revealed that the sediment samples

clustered by site other than depth. However, there were still

slight vertical clusters observed within each site, and assemblages

of sediments clustered with 10 cmbsf as the boundary (<10 and

>10 cmbsf) in general.
Horizontal and vertical microbial
community compositions

The relative abundances of major microbial communities of

the 53 samples along the sampling sites and vertical depths were

analyzed at the levels of phylum, class, order, and family

(Figure 3). The dominant groups varied significantly among

sites. At the phylum level, 92 phyla were observed. Chloroflexi

( 0 . 5%–48 . 1%) , Halobac t e ro ta (0 . 3%–42 .6%) , and

Desulfobacterota (6.6%–20.9%) were dominant groups in SRS;
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Campylobacterota (7.6%–61.0%), Chloroflexi (8.6%–19.4%),

and Desulfobacterota (7.5%–19.7%) were dominant groups

in NRS; and Proteobacteria (6.7%–29.3% and 10.7%–33.7%,

respectively), Planctomycetota (8.7%–20.2% and 8.2%–31.6%,

respectively), and Chloroflexi (5.4%–25.2% and 5.0%–

21.0%, respectively) were dominant groups in both Control 1

and Control 2. However, Control 1 contained more

Desulfobacterota (7.5%–19.7%), whereas Control 2 contained

more Actinobacteriota (3.1%–15.3%). In addition, 250 classes,

594 orders, and 944 families were observed. Within all

sequences of each sample, Campylobacterales (0.7%–43.4%),

Anaerolineales (composed of Anaerolineaceae, 0.3%–39.7%),

and ANME (mainly composed of ANME-1b, 0.01%–39.4%)

were dominant groups in SRS; Campylobacterales (mainly

composed of Sulfurovaceae, 5.9%–57.5%), Anaerolineales

( c omp o s e d o f An a e r o l i n e a c e a e , 0 . 8% – 1 5 . 0% ) ,

Methanosarciniales (0.7%–11.8%), and Desulfobulbales (4.4-

9 . 7 % ) w e r e d o m i n a n t g r o u p s i n N R S ; a n d

Gammaproteobacteria (2.9%–22.1% and 4.5%–20.6%,

respectively), Anaerolineae (0.8%–16.0% and 0.5%–11.5%,

respectively), and Alphaproteobacteria (3.0%–8.8% and 6.2%–

15.1%, respectively) were dominant groups in both Control 1

and Control 2. However, proportions of microbial communities

in Control 1 and Control 2 differed at the family level, for
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example, Control 2 contained more Pirellulaceae (3.1%–9.2%),

Nitrosopumilaceae (0.5%–17.6%), and Scalinduaceae (0.03%–

13.6%). Microbial composition of different sites also showed

comparative differences at the same depth. In the shallow

sediments above 6 cmbsf, SRS and NRS were mainly

composed of Campylobacterales, whereas Controls were

mainly composed of Nitrosopumilales. In the sediments deeper

than 6 cmbsf, SRS were mainly composed of Anaerolieales and

ANME-1b , and NRS we r e ma in l y compos ed o f

Campylobacterales, whereas Controls did not show a

dominant group.

The abundance and distribution of microorganisms involved

in methane and sulfur metabolisms were analyzed in detail

(Figure 4). ANME were more abundant in SRS (0.04%–42.5%)

and NRS (0.6%–11.7%) and almost not available in Control 1

(0%–0.006%) and Control 2 (0%–0.035%). ANME showed

higher relative abundances in SRS (0.04%–42.5%) and were

mainly composed of ANME-1b (0.01%–39.4%). Nevertheless,

more ANME-2a-2b (0.4%–3.8%) and ANME-2c (0.2%–4.7%)

compared with ANME-1 (0.01%–4.1%) were observed in NRS.

As for methylotrophs and methanogens, they also showed

higher sequence abundances in SRS and NRS compared with

Control 1 and Control 2. Methylomonadaceae (0.01%–12% and

0.5%–7.4%, respectively) and Methanosarcinaceae (0.02%–5.4%
A B

D

E

C

FIGURE 2

The a-diversity and b-diversity indices, as well as 16s rRNA gene abundance of all samples. (A) Horizontal Chao1 index at the OTU level. (B)
Horizontal Shannon index at the OTU level. (C) Horizontal and vertical changes of bacterial and archaeal 16S rRNA gene abundance. (D) Non-
metric multidimensional scaling ordination of microbial communities based on the Bray–Curtis dissimilarity. (E) Hierarchical clustering of
microbial communities based on the Bray–Curtis distances. * 0.01 ≤ P value ≤ 0.05; ** 0.001 ≤ P value ≤ 0.01; *** P value ≤ 0.001.
frontiersin.org

https://doi.org/10.3389/fmars.2022.957762
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhai et al. 10.3389/fmars.2022.957762
and 0.1%–0.3%, respectively) were dominant methylotrophs and

methanogens in SRS and NRS. Few methanogens were found in

Controls, but methylotrophs were identified, such as

Methloligellaceae (0.9%–2.7%) and Methylomirabilaceae

(0.01%–0.9%) in Control 2 and Methloligellaceae (0.32%–

1.07%) and Methylomonadaceae (0.12%–0.45%) in Control 1.

The phylum Campylobacterota were abundant in SRS (0.7%–

43.4%) and NRS (7.6%–61%) and not affluent in Control 1

(0.04%–0.36%) and Control 2 (0.003%–0.009%). At the genus

level, Sulfurovum was the most abundant genus belonging to

Campylobacterota in SRS and NRS, followed by Sulfurimonas.

Similarly, the phylum Desulfobacterota was enriched in SRS

(6.5%–20.7%) and NRS (6.8%–17.5%), but almost not available

in Control 1 (0.09%–12.7%) and Control 2 (0.07%–7.5%). For

SRB, SEEP-SRB2 was the most abundant genus in SRS, followed

by SEEP-SRB1. Desulfatiglans and SEEP-SRB1 were abundant in

NRS, whereas unclassified Syntrophobacterales were abundant in

Control 1 and Control 2. Above all, the distribution and

abundance of ANME, methylotrophs, methanogens, SOB, and

SRB showed clear differences among sampling sites. It is
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suggested that a great series of active biogeochemical reactions

might occur in SRS and NRS, including sulfur oxidation, sulfate

reduction, anaerobic and aerobic oxidation of methane, and

even methane production.

Microbial community compositions also varied along depths

in each sampling site. In NRS, ANME-1, ANME-2, SEEP-SRB1,

and SEEP-SRB2 all reached to the minimum at 10 cmbsf and

started to increase with depths. Considering that the

concentration of sulfate is almost 0 at 10 cmbsf, the SMTZ

was proposed to locate at 10 cmbsf in NRS. Meanwhile, the

abundances of Sulfurovum and Methlomonadaceae were peaked

in surface sediment and decreased with depths in NRS, whereas

Methanosarcinaceae showed the opposite result. In SRS, the

abundances of ANME-1, SEEP-SRB1, and SEEP-SRB2 were low

above 8 cmbsf and increased rapidly at 8–10 cmbsf, and the

abundances of ANME-2a-2b also showed slight increase at 8

cmbsf. Interestingly, ANME-2a-2b, SEEP-SRB1, and SEEP-

SRB2 all decreased below 12 cmbsf. There might be a positive

correlation between ANME and SEEP-SRB, and the proposed

SMTZ was approximately at 8 cmbsf in SRS. In addition, the
A B

DC

FIGURE 3

Microbial community compositions in all samples. (A) Microbial community compositions of the top 20 phyla. (B) Microbial community
compositions of the top 20 classes. (C) Microbial community compositions of the top 20 orders. (D) Microbial community compositions of the
top 20 families.
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abundances of Sulfurovum and Sulfurimonas, as well as

methylotrophs especially Methylomonadaceae, were peaked in

surface sediment and decreased with depths in SRS.
Differences of microbial groups between
seep sites and control sites

The distribution and relative abundance of microbial

groups were different among sampling sites (Figures 5A, B).

As shown in the ternary plot, Anaerolineaceae was the most

abundant genus across all samples, whereas Sulfurovum and

Sulfurimonas were enriched in NRS, and ANME-1b was

enriched in SRS (Figure 5A). Few ANME was found in

Control 1 and Control 2. In addition, all the top 15 genera

were found to have significant differences (p< 0.01) between

different sites in multi-group comparison stamp (Figure 5B). It

could also be seen that Sulfurovum and Sulfurimonas,

especially Sulfurovum, were enriched in NRS sediments,

indicating sulfur oxidation in NRS. ANME-1b and SEEP-

SRB2 were enriched in SRS, whereas SEEP-SRB1 and

Desulfatiglans were enriched in both SRS and NRS. In
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general, the composition and distribution of ANME and SOB

showed significant differences and might indicate different

biogeochemical processes between seep sites (SRS and NRS)

and non-seep sites (Control 1 and Control 2).
Microbial co-occurrence networks

Co-occurrence networks were conducted to show the

relationships of the top 50 microbial genera (Figure 6A), as

well as the top 50 bacterial and the top 50 archaeal genera among

all sediment samples (Figure S3). These three networks were all

consisted of 49 nodes and 201 edges. ANME-1b was mainly

associated with ANME-3, SEEP-SRB2, and Methyloprofundus;

ANME-2a-2b was mainly associated with Nitrosopumilaceae

and B2M28; ANME-2c was mainly associated with ANME-1b,

ANME-2a -2b , ANME-3 , Methy l o p r o f undu s , a nd

Methanogenium. SEEP-SRB1 and SEEP-SRB2 were mainly

associated with Desulfatiglans and JS1; SEEP-SRB2 was mainly

associated with ANME-1b, ANME-2c, and Methyloprofundus;

SEEP-SRB4 and Desulfobulbus were mainly associated with

Candidatus Nitrosopumilus and Candidatus Scalindua.
A B
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FIGURE 4

The abundances of main functional microbial groups in all samples. (A) Main genera of the ANME group. (B) Main genera of the methylotrophs
group. (C) Main genera of the methanogens group. (D) Main genera of the SRB in the phylum Desulfobacterota. (E) Main genera of the SOB in
the phylum Campylobacterota.
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Sulfurovum and Sulfurimonas were mainly associated with

Desulfobulbus, Desulfocapsa, and Thiotrichaceae. Our results

found that ANME displayed a close relationship with SRB,

especially ANME-1b with SEEP-SRB2.
Influence of environmental factors on
microbial communities

The predictor variables of sulfate, SO4
2−/Cl−, and methane in

SRS 2, NRS, and Control 2 were analyzed for db-RDA based on
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Bray–Curtis distances to understand the influence of

environmental factors on microbial communities (Figure 6B).

The results showed that sulfate, SO4
2−/Cl−, and methane

explained 22.89% (15.75% by first axis and 7.14% by second

axis) of the variation in community distribution. It seemed that

sulfate and methane affected microbial community structure at

the OTU level to the similar extent. Sulfate concentration showed

obvious negative correlations with NRS samples compared with

SRS 2 and Control 2 samples. In addition, methane concentration

showed positive correlations with Control 2 samples and negative

correlations with SRS 2 and NRS samples.
A
B

FIGURE 6

The relationship and environmental variables of microbial groups between sampling sites. (A) Co-occurrence networks of the top 50 genera in
all samples with a Spearman’s correlation coefficient >0.7 or<−0.7 and a P-value<0.01. The size of each node indicates degree of connectivity
and the color indicates the phylum that the genus affiliated to. The thickness of each line indicates strength of correlation. (B) Db-RDA the
relationship of sulfate and methane changes and microbial community at the OTU level based on Bray–Curtis distances.
A B

FIGURE 5

Distribution and relative sequence abundance of microbial groups between sampling sites. (A) Ternary plot showing the distribution and relative
sequence abundance of the top 50 genera in all samples. Taxonomic affiliations were indicated by colors, whereas the size of the symbol
indicated the relative sequence abundance of each genus. (B) Multi-group comparison stamp showing the relative sequence abundance and
distribution differences of the top 15 genera in all samples. ** 0.001 ≤ P value ≤ 0.01; *** P value ≤ 0.001.
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Discussion

Horizontal investigations of microbes
revealed two dissimilar newborn cold
seep sites

The microbial community compositions of the 53 samples

exhibited an obvious discrepancy along four sites. Microbial

community compositions and multi-group comparison showed

that phy la Halobac tero ta , Campylobacte rota , and

Desul fobacterota were enr iched in SRS and NRS.

Halobacterota were mainly composed of ANME-1b, whereas

Campylobacterota and Desulfobacterota represented the groups

of SOB and SRB, respectively. Cold seeps supported an

enormous biomass of microbial life, which was nourished by

oxidation of methane, higher hydrocarbons, and sulfide

(Jørgensen and Boetius, 2007). Many studies have showed that

deep-sea cold seep sediments contained abundant ANME, SRB,

SOB, and methane-oxidizing bacteria (MOB) (Sun et al., 2020).

In our study, these microorganisms could be the indicators that

differed SRS and NRS from Control 1 and Control 2 as cold seep

sites. In Control 1 and Control 2, Alphaproteobacteria,

Dehalococcoidia, Phycisphaerae, and Planctomycetes were

abundant, all of which were found to show high abundances

in SCS deep‐sea sediments (Zhang et al., 2021). Especially, our

findings of abundant Dehalococcoidia and sulfate concentration

were consistent with previous results that Dehalococcoidia

mediating reductive dehalogenation and potential sulfate

reduction were commonly observed in sulfate-replete and deep

anoxic sediments in the SCS (Graw et al., 2018; Jochum et al.,

2018). In addition, abundant Syntrophobacterales in SRB also

hinted Control 1 and Control 2 contain adequate sulfate even as

non-seep sites.

Bacteria and archaea in the four sites showed obvious site-

tendentious distribution pattern. Except for the difference

between cold seep sites and non-seep sites, interestingly, cold

seep sites SRS and NRS showed distinct microbial compositions.

SRS was well marked by high abundance of ANME-1b of

Halobacterota, whereas NRS was well marked by that of

Sulfurovum of Campylobacterota (Figure 5A). The dominant

microbial communities in cold seep Site F sediments varied

between previous studies. For example, Sun et al. (2020) found

that Campylobacterota and Deltaproteobacteria were enriched in

cold seep sediment, whereas Cui et al. (2019) found that ANME-

1b were the dominant microbial communities (Cui et al., 2019;

Sun et al., 2020). It could be seen that the microbial

compositions varied with sampling sites in Site F, which could

be attributed to different maturity of the sediments influenced by

distances to the seeps and the availability of organic carbon (Jing

et al., 2020). In addition, it was found that the presence of

reduced sediment patches resulted from cold seep fluids

migrating along the bottom of the authigenic carbonate
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mound and escaping at its boundary (Wang et al., 2021). The

reduced sediment areas were newly formed because of the in situ

measured upward advection of methane-rich fluids, the ongoing

AOM processes producing sulfide or pyrite, and non-existent

animal aggregations, which needed more time to settle down

(Wang et al., 2021). Our study of microbial compositions in the

reduced sediments SRS and NRS showed potential AOM

processes because of the enriched methane-metabolizing

microbes. As a result, we could infer that SRS and NRS were

d i s s imi lar newborn co ld seep s i t e s wi th dis t inc t

microbial communities.
Vertical investigations of microbes
revealed the SMTZs of two cold seep
sites

In NRS, ANME-2 were the dominant microorganisms, and

the abundances of ANME (especially ANME-2) and SRB

showed consistent tendency along depths, suggesting the

positive correlation between ANME-2 and SEEP-SRB. In

addition, it was found that ANME-2a-2b dominated in the

high-sulfate sediments and upper layers of estimated SMTZ

and was replaced by ANME-1b in the bottom layers of estimated

SMTZ (Niu et al., 2017). Our result showed that the abundance

of ANME-2 was positively related to the sulfate concentration,

especially at 10 cmbsf, where the sulfate concentration is almost

0. Therefore, the SMTZ in NRS was inferred to locate at 10

cmbsf. In addition, the sulfate concentration showed an

increased trend below 10 cmbsf and reached maximum at

about 16 cmbsf. This phenomenon was also found in Site F

before (Sun et al., 2022), and the increased sulfate might be

attributed to the reoxidation of H2S in the deeper layers of the

sediment. Correspondingly, SOB showed a higher abundance at

about 18 cmbsf, which may be responsible for the reoxidation

of H2S.

In SRS, the high sequence abundance of ANME could be

explained by pretty high level of methane (Figure 1B). ANME in

SRS were mainly composed of ANME-1b, which was consistent

with many studies (Knittel et al., 2005; Ruff et al., 2016; Niu et al.,

2017; Wu et al., 2018; Cui et al., 2019). Our results of ANME-1b

were consistent with previous studies that ANME-1 were

dominated in the deeper, anoxic, sulfide-rich sediments, and

the methanogenic zone even showed high relative abundance in

SMTZ (especially bottom layers) as well (Ruff et al., 2016; Niu

et al., 2017). Considering ANME-1b, SEEP-SRB1, and SEEP-

SRB2, the proposed SMTZ in SRS was approximately at 8 cmbsf.

In addition, the strong association between ANME-1b and

SEEP-SRB2 showed by co-occurrence network was in

correspondence with the finding, and ANME-1 was associated

with SEEP-SRB2 in Pomonte methane seep, Italy (Ruff et al.,

2016). In SMTZ, ANME-1 was found to perform AOM with
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ANME-2, SEEP-SRB1, SEEP-SRB2, and evenDesulfobacteraceae

as syntrophic partners (Wu et al., 2018; Cui et al., 2019; Dong

et al., 2020). Our results proved the positive correlation between

ANME and SEEP-SRB. However, the correlation between

ANME and Desulfobacteraceae was not found because of the

low abundance of Desulfobacteraceae in SRS. In addition,

fluorescence in situ hybridization and other research have

found cell numbers of ANME-1 increased with sediment

depths and frequently existed as single cells, indicating that

ANME-1 can also perform AOM process without an archaeal or

bacterial partner (Orphan et al., 2002; Knittel et al., 2005; Stokke

et al., 2012; Maignien et al., 2013). In deep-sea cold seep

sediments with high concentrations of hydrocarbon gases,

ANME-1 might participate in AOM process via reversal of the

methanogenic pathway alone and utilize electron acceptors

other than sulfate (Harrison et al., 2009; Lloyd et al., 2011;

Cho et al., 2017; Bowles et al., 2019; Vigneron et al., 2019). In

SRS, the abundant ANME-1b was not ruled out to perform

AOM alone.

Methylotrophs Methylomonadaceae, belonging to the order

Methylococcales, is type I aerobic methanotrophs and was found

to mainly conduct aerobic methane oxidization in Site F

sediments (Broman et al., 2020; Jing et al., 2020). This might

account for the high abundance of Methylomonadaceae in the

surface sediment of SRS and NRS. The exact opposite vertical

distribution pattern of ANME and methylotrophs in SRS and

NRS proved that methane was produced in anoxic sediments

and diffused upward and was oxidized successively by ANME

and aerobic methylotrophs in the surface sediment. As for SOB

in SRS and NRS, the distributions of Sulfurovum and

Sulfurimonas were consistent with previous reports that

Campylobacterota, including Sulfurovum, were microaerobic

and abundant in the surface sediments of cold seeps (Wu

et al., 2018; Sun et al., 2020).
Variations and relationships of functional
groups depicted the ecological integrity
of NRS

Compared with SRS, the low abundance of total ANME in

NRS might be attributed to the low concentration of methane.

ANME-2 was enriched in NRS, and it had distinct methane-

oxidizing and electron-transporting pathways from ANME-1

(Wang et al., 2014). It was reported that ANME-2a shared

similarities with Methanosarcinales and performed a reversal

of H2-independent methanogenesis (Wang et al., 2014).

Meanwhile, complete metabolic pathway converting methane

to acetate identified in ANME-2a suggested that acetate

produced by ANME-2a support the heterotrophic

communities as a carbon source in cold seep ecosystem (Yang

et al., 2020). The Methanosarcinales are tolerant to low levels of

oxygen and usually predominant in environments with high
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acetate concentrations (Conklin et al., 2006). It was found that

Methanosarcinales constituted a major component of

methanogenic archaea in sediments of Haima cold seep,

including plenty of methylotrophic Methanosarcinales

distributed along all depths and a few acetogenotrophic

Methanosarcinales within the methanogenic zone (Niu et al.,

2017). In addition, methylotrophic and acetogenotrophic

Methanosarcinales were also found predominant in sediments

of Site F along all depths (Jing et al., 2020). Therefore, it can be

speculated that ANME-2 and Methanosarcinales enriched in

NRS cooperated to implement the active conversion between

methane and acetate, which was also supported by the consistent

vertical distribution tendency of them. In addition, methanogens

were generally unable to assimilate sulfate and able to use sulfide

as the sole sulfur source. For example, Methanococcales, usually

inhabited anaerobic environments with high levels of sulfide

(Liu et al., 2012). This could explain the consistency between

high abundance of Methanosarcinales and low sulfate

concentration in NRS. Moreover, we smelt smelly H2S in NRS

sediment samples, suggesting high concentration of sulfide in

NRS although we did not measure.

Our result of co-occurrence network showed that ANME-1b

was associated strongly with SEEP-SRB2, which was consistent

with the finding conducted in Haima cold seep (Zhang et al.,

2020). In addition, there were proportional abundances of SEEP-

SRB1, ANME-2, and Methanosarcinales in NRS. It was reported

that Methanosarcinales favored the growth of SRB by avoiding

competition for the same substrate, and ANME-2a could

produce acetate that might be a candidate electron shuttle

between ANME-2 and SRB in AOM (Jing et al., 2020; Stams

and Valentine, 2000; Plugge and Reeburgh, 2009; Yang et al.,

2020). Above findings could explain the coincident distribution

of Methanosarcinales, ANME-2, and SEEP-SRB1, which might

coexist without competition and metabolize methane through

acetate production and utilization in the cold seep environment.

Compared with SRS, there was more Desulfatiglans in NRS.

Desulfatiglans could oxidize acetate and pass the reducing

equivalents to methanogens (Jochum et al., 2018), and it might

be the reason that Desulfatiglans and Methanosarcinaceae were

both abundant in NRS. Meanwhile, Desulfatiglans could

produce acetate, which might be an important metabolic

strategy for the microorganisms in sulfate-limited subsurface

sediments and could be proved by the low sulfate concentration

in NRS (Jochum et al., 2018).

SRB could produce acetate and hydrogen sulfide, which

transferred upward for flourish of SOB in surface layers (Li

et al., 2021). SOB played a role in sulfide oxidation, acetate

assimilation, and carbon fixation in cold seep sediments (Li et al.,

2021). Compared with SRS, NRS contained more SOB, especially

Sulfurovum along the depths. Sulfurovum was microaerobic, and

its distribution might imply differences of oxygen concentration

among sites. In addition, the enrichment of SOB in NRS might

be due to the inferred high concentration of sulfide, especially
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H2S. H2S might be released by methane oxidization and sulfate

reduction (Sun et al., 2020). These might indicate comparative

sulfate reduction in NRS.
Conclusions

In this study, a comprehensive investigation of sediment

microbial communities of different sampling sites and depths in

cold seep Site F was carried out. Both bacteria and archaea

exhibited an obvious site-tendentious distribution pattern. The

microbial community compositions and abundances of AMNE,

Desulfobacterota (SRB), and Campylobacteria (SOB) indicate

that SRS and NRS are newborn cold seep sites compared with

non-seep sites Control 1 and Control 2. The close relationship

between ANME-1b and SEEP-SRB2 was found in both SRS and

NRS; however, the two cold seep sites have distinct microbial

compositions. NRS can be described as notable cold seep

reduced sediment with low sulfate and high H2S, nourishing

abundant SEEP-SRB1, ANME-2, Methanosarcinales, and

Sulfurovum, which showed similar distribution. The variations

and relationships of microorganisms involved in methane and

sulfur metabolisms depicted the ecological integrity of NRS

commendably. Our study sheds light on the heterogeneity of

different cold seep sites from the aspect of microbiology and

expands current knowledge on the potential roles of

microorganisms in cold seeps.
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