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ABSTRACT Methane is a primary greenhouse gas which is responsible for global
warming. The sulfate-dependent anaerobic methane oxidation (S-AOM) process cata-
lyzed by anaerobic methanotrophic (ANME) archaea and sulfate-reducing bacteria
(SRB) is a vital link connecting the global carbon and sulfur cycles, and it is consid-
ered to be the overriding methane sink in marine ecosystem. However, there have
been few studies regarding the role of S-AOM process and the distribution of ANME
archaea in intertidal ecosystem. The intertidal zone is a buffer zone between sea and
land and plays an important role in global geochemical cycle. In the present study,
the abundance, potential methane oxidation rate, and community structure of ANME
archaea in the intertidal zone were studied by quantitative PCR, stable isotope trac-
ing method and high-throughput sequencing. The results showed that the potential
S-AOM activity ranged from 0 to 0.77 nmol 13CO2 g�1 (dry sediment) day�1. The
copy number of 16S rRNA gene of ANME archaea reached 106 � 107 copies g�1

(dry sediment). The average contribution of S-AOM to total anaerobic methane oxi-
dation was up to 34.5%, while denitrifying anaerobic methane oxidation accounted
for the rest, which implied that S-AOM process was an essential methane sink that
cannot be overlooked in intertidal ecosystem. The simulated column experiments
also indicated that ANME archaea were sensitive to oxygen and preferred anaerobic
environmental conditions. This study will help us gain a better understanding of the
global carbon-sulfur cycle and greenhouse gas emission reduction and introduce a
new perspective into the enrichment of ANME archaea.

IMPORTANCE The sulfate-dependent anaerobic methane oxidation (S-AOM) process
catalyzed by anaerobic methanotrophic (ANME) archaea and sulfate-reducing bacte-
ria (SRB) is a vital link connecting the global carbon and sulfur cycles. We conducted
a research into the spatial-temporal pattern of S-AOM process and the distribution
of ANME archaea in coastal sediments collected from the intertidal zone. The results
implied that S-AOM process was a methane sink that cannot be overlooked in the
intertidal ecosystem. We also found that ANME archaea were sensitive to oxygen
and preferred anaerobic environmental conditions. This study will help us gain a
better understanding of the global carbon-sulfur cycle and greenhouse gas emission
reduction and introduce a new perspective into the enrichment of ANME archaea.

KEYWORDS anaerobic methanotrophic archaea, intertidal zone, simulated column
experiments, sulfate-dependent anaerobic methane oxidation

Climate change has been a global environmental problem in recent decades, which
is mainly caused by the increasing greenhouse gas concentration in the atmo-

sphere. Among the three major greenhouse gases (CO2, CH4, and N2O), the contribu-
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tion rate of methane to global warming is up to 16% (1), which ranks second, closely
after carbon dioxide. Moreover, the emission of methane is still increasing at a rate of
0.5 to 1% yearly (2). It is estimated that about 600 Tg CH4 is discharged into the
atmosphere annually (3), approximately two-thirds of which is from human activities,
and the remainder is from natural habitats (4). Greenhouse gases play a crucial role in
sustaining life on the earth. However, excessive greenhouse gases in the atmosphere
may lead to a series of environmental problems, such as glacier melting, sea level rise,
and global warming.

In the natural environment, methane can be removed by chemical reactions or
biochemical reactions (5), and the biochemical reactions are catalyzed by microorgan-
isms. Microbial methane oxidation includes aerobic methane oxidation and anaerobic
methane oxidation (anaerobic oxidation of methane [AOM]). AOM consists primarily of
denitrifying anaerobic methane oxidation (D-AOM), sulfate-dependent anaerobic meth-
ane oxidation (S-AOM) and iron-dependent anaerobic methane oxidation (iron-AOM).
The D-AOM process, including nitrite-dependent anaerobic methane oxidation (nitrite-
AOM) and nitrate-dependent anaerobic methane oxidation (nitrate-AOM), can remove
methane and nitrite/nitrate simultaneously under anaerobic conditions and therefore
plays a critical role in the carbon and nitrogen cycles (6–8). The S-AOM process is an
important link connecting the global carbon and sulfur cycles. A total of 90% of the
methane produced in the marine ecosystem is eventually oxidized by S-AOM process
(9). Moreover, the iron-AOM process is an important interaction between the biogeo-
chemical cycles of iron and carbon (10, 11).

In the 1970s, it was found that in marine sediments, the concentration of methane
decreased gradually from sediment to water, while the sulfate concentration showed
an opposite tendency, indicating that sulfate might be the electron acceptor of AOM
(12). Since the anaerobic methane oxidation capability of anaerobic methanotrophic
(ANME) archaea was discovered in the late 1990s (13), many studies on S-AOM process
have been carried out. ANME archaea and sulfate-reducing bacteria (SRB) are primarily
responsible for S-AOM process and show a close synergy in dual-species consortia
(14–16). The ANME archaea are proved to oxidize methane in anaerobic conditions
through the reverse methanogenic pathway (17–19), while SRB accept electrons and
therefore reduce sulfate (20, 21). To date, four different ANME archaea clusters with
S-AOM function have been discovered: ANME-1, ANME-2a/b, ANME-2c, and ANME-3.

More than 1,800 16S rRNA gene sequences were available from more than 50
different marine methane seeps, vents, and sulfate-methane transition zones, which
differed from each other in environmental factors, such as temperature, methane flux,
salinity, and pH (9). The results revealed that ANME-1 and ANME-2 archaea displayed a
wide distribution spectrum. Nevertheless, ANME-3 archaea were mainly found in
seabed mud volcano and occasionally in seep sediments (9). In most habitats, various
ANME archaea could be detected at the same time (22–25). However, some studies also
pointed out that only one kind of ANME archaea was dominant in the same habitat
(22–24). Specifically, the abundance of ANME archaea was typically more than 1010 cell ·
cm�3 in cold seep ecosystems (24). Thus far, researches on S-AOM have been princi-
pally focused on cold seep ecosystems, sulfate methane transition zones (SMTZs),
hydrothermal vents, the deep biosphere, marine water columns, and some terrestrial
ecosystems (16, 22–32). It has been demonstrated that methane was mainly removed
by S-AOM process in the marine ecosystem, which consumed up to 90% of the
methane produced before entering the atmosphere. Therefore, S-AOM process is an
important methane sink in marine habitats.

The intertidal ecosystem is rich in sulfate, and methane is available by the anaerobic
decomposition of organic matter in sediments. This makes S-AOM process possible in
intertidal zones. However, there have been few studies about the role of S-AOM process
and the distribution of ANME archaea in the intertidal ecosystem. Here, we conducted
a research into the microbial quantity, community structure, and the potential contri-
bution of methane oxidation in the intertidal zone on the Zhoushan archipelago. In
addition, considering impacts of tides on the dissolved oxygen concentration in the
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sediments, we designed three simulated columns (aerobic, microaerobic, anoxic) to test
the influence of oxygen on niche differentiation of ANME archaea.

RESULTS
Potential S-AOM activities in the intertidal zone. Aerobic methane oxidation,

D-AOM and S-AOM activities were successfully measured while no obvious iron- and
manganese-dependent AOM activities were detected by the stable isolate tracer
experiment (see Fig. S1 in the supplemental material). The potential aerobic methane
oxidation rates ranged from 2.12 to 52.27 nmol 13CO2 g�1 (dry sediment) day�1, and
the D-AOM rates ranged from 0.00 to 1.70 nmol 13CO2 g�1 (dry sediment) day�1, which
were higher than the potential S-AOM rates in most samples (Table 1). The potential
S-AOM activities of sediments collected in four seasons showed significant differences
(Fig. 1). In all four seasons, the S-AOM activities of the samples collected in the subtidal
zone were apparently higher than those in the mid-tide zone and the low-tide zone,
which indicated that the environmental factors formed by different intertidal locations
had remarkable effects on the S-AOM process. Specifically, the activity of Sample SpS
was the highest, which was 0.77 � 0.08 nmol 13CO2 g�1 (dry sediment) day�1, followed
by that of sample SS (Table 1). Overall, the average potential S-AOM activities in
summer intertidal sediments ranked first, followed by those in spring, autumn, and
winter. Notably, no obvious S-AOM activities were detected in the WM and WL samples
(the various sample designations are defined in Materials and Methods), which might
be caused by the low temperature, around 9°C, of sediments in the intertidal zone
during wintertime.

The ratios of potential S-AOM activities to total potential anaerobic methane
oxidation activities (total-AOM) were calculated by using the following formula: the
ratio � S-AOM/(S-AOM � D-AOM). The maximal ratio appeared at point AM, indicating
that S-AOM process was the most important way of anaerobic methane removal at this
point. In addition, the ratios at points SpL and SL were the highest in the spring and
summer samples, respectively, with values of 0.47 and 0.34 (Table 1), implying that
S-AOM process might be a significant methane sink in the intertidal zone. The ratios of
S-AOM to total-AOM in both spring and summer samples hit the highest in the low-tide
zone, but there was no similar pattern in autumn and winter samples.

Abundance of ANME archaea in the intertidal zone. The abundance of total
ANME archaea varied significantly in four seasons, ranging from 1.64 � 106 to 9.99 � 106

copies g�1 (dry sediment) (Fig. 2). The abundance of ANME archaea showed an
increasing trend in order of the mid-tide zone, the low-tide zone, and the subtidal zone
except in summer. ANME-2c archaea were the dominant ANME archaea in most spring,
summer, and autumn samples, whereas ANME-3 archaea were the major ANME type in
winter. However, considering the high similarity between the 16S rRNA genes of
ANME-3 archaea and some methanogens (9), there might be an overestimate of the
abundance of ANME-3 clade. The abundance of ANME-1 archaea was consistently the
lowest in all sampling sites, ranging from 4.12 � 104 to 2.73 � 105 copies g�1 (dry
sediment). It is worth noting that ANME archaea accounted for a large proportion of the
total archaea, with the highest ratio of 47.77% in SpS and the lowest ratio of 1.92% in
WM revealed by quantitative PCR (qPCR) results (Fig. S2), which indicated that ANME
archaea played an important role in intertidal sediments. However, the relative abun-
dance of ANME archaea detected by high-throughput sequencing was relatively low
because of the different coverages of the primers used in this work (Fig. S3).

Pearson correlation analysis revealed both temperature and total organic matter
(TOM) content had an extremely significant positive correlation with the abundance of
ANME-1 and ANME-2c archaea (P � 0.01) (Table S1). In addition, ANME-1 archaeal
abundance was positively correlated with SO4

2–, NO3
–, and total phosphorus (TP) (P �

0.05). Moreover, temperature was significantly positively correlated with potential
S-AOM activity, as well as potential D-AOM activity (P � 0.05), and TOM content showed
an extremely significant positive correlation with potential S-AOM activity (P � 0.01).

S-AOM Process in Intertidal Ecosystem Applied and Environmental Microbiology

April 2019 Volume 85 Issue 7 e02638-18 aem.asm.org 3

https://aem.asm.org


TA
B

LE
1

Po
te

nt
ia

l
m

et
ha

ne
ox

id
at

io
n

ac
tiv

ity
an

d
th

e
ra

tio
of

p
ot

en
tia

l
S-

A
O

M
ac

tiv
ity

to
to

ta
l-A

O
M

ac
tiv

ity
in

se
di

m
en

ts
co

lle
ct

ed
fr

om
th

e
Zh

ou
sh

an
ar

ch
ip

el
ag

o
in

te
rt

id
al

zo
ne

a

Pa
ra

m
et

er

n
m

ol
1

3
C

O
2

cm
�

3
(d

ry
se

d
im

en
t)

d
ay

�
1

Sp
ri

n
g

Su
m

m
er

A
ut

um
n

W
in

te
r

Sp
M

Sp
L

Sp
S

SM
SL

SS
A

M
A

L
A

s
W

M
W

L
W

S

S-
A

O
M

0.
15

�
0.

05
0.

45
�

0.
02

0.
77

�
0.

08
0.

32
�

0.
02

0.
56

�
0.

09
0.

74
�

0.
02

0.
03

�
0.

02
0.

13
�

0.
05

0.
23

�
0.

03
0.

00
0.

00
0.

12
�

0.
04

M
ea

n
0.

46
0.

54
0.

17
0.

04
D

-A
O

M
0.

27
�

0.
05

0.
51

�
0.

18
1.

70
�

0.
30

0.
71

�
0.

07
1.

07
�

0.
11

3.
07

�
0.

55
0.

00
0.

43
�

0.
08

1.
48

�
0.

12
0.

00
0.

35
�

0.
04

0.
97

�
0.

15
A

er
ob

ic
m

et
ha

ne
ox

id
at

io
n

27
.0

6
�

3.
59

24
.1

3
�

5.
85

20
.9

0
�

1.
87

52
.2

7
�

3.
00

31
.2

9
�

5.
82

9.
34

�
0.

83
17

.5
6

�
2.

32
5.

71
�

1.
12

4.
55

�
0.

32
14

.0
7

�
1.

71
3.

82
�

0.
57

2.
12

�
0.

15
Fe

-A
O

M
0

0
0

0
M

n-
A

O
M

0
0

0
0

To
ta

l
m

et
ha

ne
ox

id
at

io
n

27
.4

8
25

.0
9

23
.3

7
53

.3
0

32
.9

2
13

.1
5

17
.5

9
6.

27
6.

26
14

.0
7

4.
17

3.
21

To
ta

l-A
O

M
0.

42
0.

96
2.

47
1.

03
1.

63
3.

81
0.

03
0.

56
1.

71
0.

00
0.

35
1.

09
S-

A
O

M
/t

ot
al

A
O

M
0.

36
0.

47
0.

31
0.

31
0.

34
0.

19
1.

00
0.

23
0.

13
0.

00
0.

00
0.

11
a
Va

lu
es

ar
e

ex
p

re
ss

ed
as

m
ea

ns
�

th
e

st
an

da
rd

de
vi

at
io

ns
w

he
re

ap
p

lic
ab

le
.

Wang et al. Applied and Environmental Microbiology

April 2019 Volume 85 Issue 7 e02638-18 aem.asm.org 4

https://aem.asm.org


Diversity and community structure of ANME archaea in the intertidal zone. A
total of 886 to 1,670 ANME archaeal 16S rRNA gene sequences were recovered from all
12 samples through Illumina high-throughput sequencing (Table S2). The numbers of
operational taxonomic units (OTU) of each sample ranged from 39 to 70 with a cutoff
3% sequence differences. The OTU number was highest at points AL, WL, and AS and
lowest at points SpS, SM, and AM. It is noteworthy that among all sampling points, the
OTU numbers for sampling points SpL, SL, AL, and WL from the low-tide zone were the

FIG 1 Potential S-AOM rates and ratio of potential S-AOM activity to total AOM activity in sediments collected from the
Zhoushan archipelago intertidal zone. The rates were calculated as the maximum slope of 13CO2 production during the slurry
incubations. SpM (spring mid-tide zone), SpL (spring low-tide zone), and SpS (spring subtidal zone) represent the samples
collected in spring; SM, SL, and SS represent the samples collected in summer; AM, AL, and AS represent the samples collected
in autumn; and WM, WL, and WS represent the samples collected in winter. Error bars represent the standard deviations.

FIG 2 16S rRNA gene copy numbers of ANME-1, ANME-2c, and ANME-3 in sediments collected from the Zhoushan archipelago intertidal zone.
Black squares represent the total ANME archaea abundance. Error bars represent the standard deviations.
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highest in each season. Moreover, the higher Chao1 indexes in low-tide zone (P � 0.05)
also indicated that ANME archaea from this zone showed higher richness than those
from the other two zones. The Shannon indexes in the low-tide zone were higher than
those in the mid-tide zone and the subtidal zone (P � 0.05). We speculated that the
frequent tide changes in the low-tide zone resulted in the high diversity of ANME
archaea in this region.

The 16S rRNA gene sequences of ANME-1, ANME-2a/b, ANME-2d, and ANME-3
clades were successfully retrieved by the primers Arc519F and Arc915R. Five OTU
belonging to ANME-1 clade, 4 OTU belonging to ANME-2a/b clade, 3 OTU belonging to
ANME-2d clade, and 5 OTU belonging to ANME-3 clade were selected for phylogenetic
analysis (Fig. 3). The 5 OTU related to ANME-1 cluster exhibited high similarity to the
sequence recovered from Hydrate Ridge methane seep sediments (AJ578089) (22),
while the 5 OTU related to ANME-3 cluster were also closely related to Methanococ-
coides. The ANME-2a/b and ANME-2d clades were related to ANME-3 clade and showed
a relatively distant phylogenetic relationship with ANME-1 clade.

Pearson correlation analysis showed that the SO4
2– content in sediments was

positively correlated with the ANME archaea OTU number (P � 0.01) and the
Shannon index (P � 0.05) (Table S3). In addition, the TOM content in sediments was
also significantly positively correlated with the ANME archaea OTU number (P �

0.01) and the Chao 1 index (P � 0.05).
ANME-1, ANME-2c, and ANME-3 archaea were detected in all sediments samples by

qPCR. ANME-2c archaea were dominant in sampling points collected in spring, summer
and autumn (excluding AS), with the relative abundance ranging from 48.56 to 79.60%
(Fig. S4). Furthermore, the relative abundance of ANME-2c archaea was highest in the
low-tide zone except in the spring. ANME-3 archaea were the dominant ANME archaea
in the AS and winter sampling points, accounting for 62.13 to 91.91% of the total ANME
archaea. ANME-1 archaea occupied the lowest percentage of ANMEs archaea, only
ranging from 2.48 to 16.26%. The community structure and relative abundance of
ANME archaea revealed by high-throughput sequencing were consistent with the qPCR
results. Redundancy analysis (RDA) results showed that among all the physicochemical
factors tested, the TOM and SO4

2– content had a significant effect on the community
structure of ANME archaea (P � 0.05), while TP and salinity exerted an insignificant
influence (0.05 � P � 0.10) (Fig. S5).

Potential S-AOM activities in simulated columns. The contribution rates of each
methane oxidation process to total methane oxidation equal the ratios of its value to
the sum of aerobic methane oxidation, D-AOM, S-AOM, and iron- and manganese-
dependent AOM. Compared to the aerobic methane oxidation process, the contribu-
tion rates of S-AOM process and D-AOM process to total methane removal were
relatively low (Table S4). The methane removed by D-AOM process took up 1.17 to
43.34% of the total methane oxidation, with the potential D-AOM activity ranging from
0.34 to 3.05 nmol 13CO2 g�1 (dry sediment) day�1. The potential S-AOM activity was
slightly lower than the potential D-AOM activity in simulated column sediments,
varying from 0.00 to 2.78 nmol 13CO2 g�1 (dry sediment) day�1, which accounted for
0.00 to 49.10% of the total methane removal (Fig. 4). Overall, S-AOM activities increased
slightly during the incubation. It is remarkable that the S-AOM activities increased in
order of column Y, column W, and column N. In addition, S-AOM activities also rose
apparently with the depth. Specifically, no S-AOM activity was detected in three surface
sampling points of the aerobic soil column samples Y1S, Y2S, and Y3S. These results
indicated that oxygen inhibited S-AOM activities considerably, which was subsequently
demonstrated by the negative correlation between oxidation-reduction potential (ORP)
and S-AOM activity using Pearson correlation analysis (Table S5).

Abundance of ANME archaea in simulated columns. Through the qPCR experi-
ment, ANME-1, ANME-2c, and ANME-3 archaea were successfully detected in simulated
column sediments (Fig. 5). Among all the detected ANME archaea, the average abun-
dance of ANME-2c archaea was the highest, ranging from 2.17 � 105 to 7.39 � 106
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FIG 3 Neighbor-joining phylogenetic tree showing the phylogenetic affiliations of ANME archaeal 16S rRNA gene sequences recovered from the Zhoushan
archipelago intertidal zone. The bootstrap values included 1,000 replicates, and the scale bar represents 2% sequence divergence.
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copies g�1 (dry sediment). ANME-3 archaea ranked second and showed an approxi-
mate abundance to ANME-2c archaea in column N. ANME-1 archaea were the fewest,
with an average copy number of 6.15 � 105 copies g�1 (dry sediment). The 16S rRNA
gene copy number of the total ANME archaea consisting of ANME-1, ANME-2c, and
ANME-3 archaea increased in order of column Y, column W, and column N. In addition,
the average ratios of ANME archaea to total archaea in column Y, column W, and
column N were 8.40, 6.08, and 4.64%, respectively. This indicated that ANME archaea
accounted for a considerable part of the microbial phase in simulated columns.

Pearson correlation analysis revealed that temperature was significantly positively
correlated with the abundance of ANME-1, ANME-2c archaea (P � 0.01), and S-AOM

FIG 4 Potential S-AOM activity and ratio of potential S-AOM activity to total-AOM activity in the samples collected from the simulated columns. Red
squares represent the contribution ratios of the S-AOM process to the total anaerobic methane oxidation. Error bars represent the standard deviations.

FIG 5 Abundance of ANMEs archaea in samples collected from the simulated columns. Black squares represent the ratios of ANME archaea
abundance to the total archaea detected by qPCR. Error bars represent the standard deviations.
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activity (P � 0.05) (Table S5). There was also a significant positive correlation between
sulfate and ANME-1 archaea (P � 0.05) and potential S-AOM activity (P � 0.01). TOM in
the simulated column sediments was significantly positively correlated with the num-
ber of ANME-1, ANME-2c archaea, and S-AOM activity (P � 0.01).

Diversity and community structure of ANME archaea in simulated columns. A
total of 37,854 ANME archaeal 16S rRNA gene sequences were obtained in 27 simulated
column samples (excluding ANME-2d archaea) (Table S6). The OTU number of ANME
archaea was 38 to 89, with a cutoff 3% sequence difference. The largest OTU number
of ANME archaea appeared in sample W1Z of column W. The OTU number of ANME
archaea varied from different simulated columns, with an average value of 68 in column
W, 64 in column Y, and 47 in column N. The Shannon index and the Chao 1 index of
the soil column samples showed a similar change in OTU number. Pearson correlation
analysis showed that there was a significant negative correlation between ORP and the
OTU number (P � 0.05), while SO4

2– was significantly positively correlated with the OTU
number, the Shannon index, and the Chao 1 index (P � 0.01) (Table S7).

Using qPCR, it was found that methane anaerobic oxidation archaea were mainly
comprised of ANME-1, ANME-2c, ANME-3, and ANME-2d archaea (Fig. S6). ANME-2c
archaea accounted for the largest proportion, while ANME-3 archaea were the domi-
nant clade in some samples. We speculated that these two clades were the main force
of S-AOM process. The ANME-2d archaea responsible for nitrate-AOM showed the
lowest relative abundance in all the samples. In order of column Y, column W, and
column N, the decreasing trend of ANME-2c archaea and the increasing trend of
ANME-3 archaea were consistent with the qPCR results (Fig. 5). RDA showed that SO4

2–

and TOM were strongly correlated with the community structure of ANME archaea (P
� 0.01, Monte Carlo test, 1,000 times; Fig. S7).

DISCUSSION

The previous research illustrated that ANME-1, ANME-2a/b, ANME-2c, and ANME-3
archaea were involved in S-AOM process (18). However, only ANME-1, ANME-2c, and
ANME-3 archaea were detected by qPCR in the present study. It was reported that
ANME archaeal 16S rRNA gene copy numbers were lower than the detection limit of the
primers used in the experiment in natural gas fields and freshwater lake water columns
(31, 33). However, the 16S rRNA gene copy numbers of ANME-1, ANME-2c, and ANME-3
archaea in Sonora Margin cold seep sediments from Maas Basin of California Bay were
up to 1010 to 1011 copies g�1 (dry sediment) (24). By using specific primers based on
the ANME archaeal mcrA gene, it was found that the mcrA gene copy number of ANME
archaea was 107 to 108 copies g�1 (dry sediment) in coastal reedbed sediments (34). We
summarized the abundance of ANME archaea detected in different natural habitats in
Table 2. This study further proved that the abundance of ANME archaea varied
noticeably in different habitats.

Usually, ANME-1 archaea exist in strictly anaerobic sediments rich in sulfate (35). The
low abundance of ANME-1 archaea in the intertidal sediments corroborated that the
intertidal ecosystem was not a suitable habitat for ANME-1 archaea. ANME-2c archaea
were the dominant ANME archaea in the tested area and might be the major functional
microorganisms for S-AOM process. However, previous studies indicated that ANME-2c
archaea were mainly distributed in deep marine sediments (36, 37) and estuarine
sediments (38). However, this study verified that ANME-2c archaea could also exist in
the intertidal surface sediments with large abundance. Notably, the abundance of
ANME-1 and ANME-2c archaea fluctuated less in four seasons, whereas ANME-3 archaea
abundance upsurged and became the dominant ANME archaea in the winter samples.
ANME-3 clade is closely related to the genus Methanococcoides, clustered within
Methanosarcinales. In addition, the growth temperature range of the genus Methano-
coccoides is 1.7 to 35°C (39). Previous studies demonstrated that ANME-3 archaea were
mainly found in mud volcanoes and gas seep sediments, which were characterized by
a high methane content and low temperature (26, 40). The average temperature of
winter sediments was around 9.0°C, which was much lower than the temperatures of
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sediments in the other three seasons. In addition, the sulfate and TOM content was
highest in the winter sediments, which provided sufficient electron acceptors and
methane for S-AOM process and was beneficial to the growth of ANME archaea.
Therefore, lower temperatures and a higher sulfate and TOM content might be respon-
sible for a large quantity of ANME-3 archaea in winter sediments. However, low
temperature resulted not only in the high abundance of ANME-3 archaea but also in the
reduction of the activities of all ANME archaea. This could explain why there was a
contrary trend between activity and abundance (Fig. 1 and 2).

Quantitative PCR and 16S rRNA gene high-throughput sequencing showed a similar
pattern in the community structure of ANME archaea both in situ and in simulated
columns. Some studies pointed out that only one single dominant clade of ANME
archaea was discovered in one habitat (22–24, 40–42). For example, ANME-1 archaea
were dominant in deep anaerobic sediments (ANME-1b) or high-temperature sedi-
ments (ANME-1a) (24, 37, 43), while ANME-2c archaea played a leading role in a variety
of habitats rich in sulfate (44). ANME-3 archaea were found to be dominant in cold
seeps and mud volcanic sediments with high methane partial pressure and low
temperatures, such as the Haakon Mosby mud volcano 1,250 m below sea level (26), the
surface sediments in Guaymas basin 1,500 m below sea level (24), and the Kazan mud
volcano 1,700 m below sea level (32, 45). However, diverse ANME archaea were able to
coexist in a particular habitat (46). In this study, ANME-1, ANME-2c, and ANME-3 archaea
were simultaneously detected in the intertidal ecosystem, which showed a high
diversity. We speculated that the variable environmental conditions in intertidal zones
provided different ANME archaea with different habitats suitable for their growth.
However, the abundance of ANME-3 clade noted here was an uncertainty because of
the primers’ specificity, and this should be resolved by using more specific primers in
the future.

Previous work observed significant nitrate production in the surface layer in an
intertidal area with bulrush as the dominant vegetation, which could provide substrate
for D-AOM process (47). This could also explain the higher D-AOM rates than S-AOM
rates observed here. The potential S-AOM activity detected in the present study was far
lower than the reported maximum. The potential S-AOM rate of microbial mats and
reefs of the anoxic Black Sea was up to 1,000 to 20,000 nmol 13CO2 cm�3 day�1 (16, 41).
The S-AOM rates detected in different habitats varied widely, with the rates of 100 to
5,000 nmol 13CO2 cm�3 day�1 in the cold seep sediments of the Gulf of Mexico (27, 38),
10 to 500 nmol 13CO2 cm�3 day�1 in the mud volcanic sediments (26, 48), and 1 to
200 nmol 13CO2 cm�3 day�1 in coastal SMTZs (28, 46, 49). However, the potential
S-AOM activity detected in the intertidal sediments was approximate to that in lake
sediments and Black seawater column (0.0001 to 1 nmol 13CO2 cm�3 day�1) (50–52).

TABLE 2 Comparison of sulfate-dependent AOM rates and abundance of ANME archaea in natural habitats

Habitat
AOM rate (nmol
cm�3 day�1) Abundance of ANME archaea

Source or
reference(s)

Sonora margin cold seep sediments NAa 1010–1011 16S rRNA gene copies g�1 (dry sediment) 24
Offshore Joetsu methane-seep sediments NA 105–109 mcrA gene copies g�1 (dry sediment) 36
Coastal reedbed sediments NA 107–108 mcrA gene copies g�1 (dry sediment) 34
Haima cold seep sediments NA 103–107 mcrA gene copies g�1 (dry sediment) 68
Natural gas fields NA �105 16S rRNA gene copies ml�1 31
Freshwater lake water column NA Less than the detection limit 33
Black Sea microbial mats and reefs 1,000–20,000 NA 16, 41
Cold seep sediments 100–5,000 NA 27, 38
Mud volcano 10–500 NA 26, 48
Coastal SMTZ 1–200 NA 28, 46, 49
Lake sediments 0.01–5 NA 50, 51
Subsurface SMTZ 0.001–1 NA 30
Black Sea water column 0.0001–0.01 NA 52
Zhoushan archipelago intertidal zone sediments 0–0.77 nmol g�1 (dry

sediment) day�1

1.64 � 106 to 9.99 � 106 16S rDNA copies g�1

(dry sediment)
This study

aNA, not applicable
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The activities of S-AOM in different natural habitats are summarized in Table 2. The
availability of sulfate and methane not only affected the rate of S-AOM process but also
the growth of ANME archaea (53, 54). Compared to the concentration of sulfate and
methane in the habitats such as seabed microbial mats, cold seep sediments, and mud
volcanic sediments, those in the intertidal zone were far from the threshold for the
high-rate S-AOM process. Furthermore, the S-AOM activity was also lower than the
D-AOM activity for this site. However, the average potential contribution rate of S-AOM
to total AOM was 34.5%, which implied that S-AOM process was still an important
methane sink that cannot be ignored in the intertidal ecosystem.

Temperature, salinity, sulfate, and methane content could exert impacts on the
diversity and niche of ANME archaea (55). In the present study, temperature was found
to be significantly positively correlated with the activity of ANME archaea both in situ
and in simulated columns (P � 0.05). Sulfate concentration was significantly positively
correlated with the OTU number, the Shannon index, and the Chao1 index of ANME
archaea in simulated columns (P � 0.01). TOM also showed a significantly positive
correlation with the Shannon index and the Chao 1 index of ANME archaea (P � 0.05),
which could provide methane for S-AOM process under anaerobic conditions. More-
over, TOM had a significant effect on the community structure of ANME archaea. These
results show that temperature, sulfate, and TOM/methane were vital environmental
factors influencing the S-AOM process and the ANME archaea.

ORP was proportional to the logarithm of the dissolved oxygen concentration (56).
The availability of oxygen in soil was a limiting factor for the control of methanogens
and methanotrophs (57). Previous researches proved that Euryarchaeota archaea prefer
anaerobic conditions in natural habitats (58, 59). Our work found that the abundance
and the activity of ANME archaea showed an obvious increasing trend according to the
order of the mid-tide zone, the low-tide zone, and the subtidal zone. The results
suggested that ANME archaea preferred a stable anaerobic environment such as the
flooded subtidal zone. Considering that the availability of oxygen in soils was primarily
affected by such factors as moisture, light conditions, and plants species (5), we
conducted the simulated column experiments to further explore the effect of oxygen
on ANME archaea by adding different amounts of water to different simulated columns.
The ORP value decreased in order of aerobic column Y, microaerobic column W, and
anoxic column N, while the abundance and the activity of ANME archaea showed a
reverse trend. The results reinforced the view that ANME archaea were extremely
sensitive to oxygen.

The majority of ANME archaea were found in habitats that were difficult to simulate
in the laboratory (43, 60). Some researchers have probed into the enrichment and
culture of ANME archaea under atmospheric pressure (61). The discovery of ANME
archaea in intertidal sediments, together with the incubation, in simulated columns
provided new insights into inoculum screening and enrichment of anaerobic metha-
notrophic archaea under laboratory conditions.

MATERIALS AND METHODS
Sample collection. Sediments were collected from the intertidal zone of Zhoushan West Wharf

(N30°06=56.20	, E122°08=22.09	), which is located at the Qiangtang River estuary (Fig. S8). The samples
were collected from the mid-tide zone, the low-tide zone, and the subtidal zone, respectively, in the
spring (May 2015), summer (August 2015), autumn (November 2015), and winter (February 2016). The
samples collected in the spring were named SpM (spring mid-tide zone), SpL (spring low-tide zone), and
SpS (spring subtidal zone); the samples collected in summer were named SM, SL, and SS; the samples
collected in autumn were named AM, AL, and AS; and the samples collected in winter were named WM,
WL, and WS. The top 5 cm of sediments were collected carefully using box cores with a total volume of

1 liter for each sample. The sediments were well mixed and then put into sterile containers, sealed, and
transported to the laboratory. Each sample was divided into three parts: one was used for immediate
potential methane oxidation activity tests, one was stored at 4°C for physicochemical analysis, and one
was stored at –20°C for molecular analysis.

Simulated column experiments. Extra 50-liter sediments were collected in summer for the simu-
lated column experiments. The sediments were the mixture of sediments from three different parts. The
simulated columns were made of polymethyl methacrylate. The main body was 70 cm in height and
10 cm in inner diameter. Each column was filled with well-mixed sediments with a filling height of 50 cm
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(Fig. S9). The samples were collected at three different depths: 5 cm (S), 25 cm (Z), and 45 cm (X). Three
different groups were set for the simulated column experiments (column Y, column W, and column N).
A 50-ml portion of filter-sterilized seawater was added to column Y every 10 days during cultivation in
order to keep it aerobic. Column W was semisubmerged, and 100 ml of sterilized seawater was added
every 2 days. Column N was kept flooded during the whole incubation process, and the overlying water
depth was set at 10 to 15 cm. All columns were prepared in triplicate. The incubation lasted for 3 months,
and the samples at three different depths were collected monthly. For example, the sample named W2Z
represented the sample collected at the 25-cm depth from the column W in the second month.

Physical and chemical analysis. A pH meter (IQ150; IQ Scientific Instruments, Inc., Carlsbad, CA) and
a portable ORP meter (Orion 320P-84; Thermo Fisher Scientific, Massachusetts, MA) were used to
measure pH, temperature, and redox potential of the sediments in situ. A conductivity-temperature-
depth system (CTD) was used to measure the salinity of surface water. The total nitrogen, total
phosphorus, ammonium, nitrite, nitrate, and sulfate of the sediments were measured by spectropho-
tometry (62). The total iron and manganese contents were measured by flame atomic absorption
spectrometry. The physicochemical characteristics are shown in Tables S8 and S9, and the chemical
profiles for this region were reported previously (63).

Activity tests. Portions (10 g) of sediments for each sample and 35 ml of filtered seawater were
transferred to a 75-ml serum bottle. A BaCl2 solution was added to each sample according to the SO4

2–

concentration in the serum bottle in order to remove SO4
2–. Serum bottles were then aerated with Ar gas

and placed in a shaker at 30°C with a rotation speed of 150 rpm min�1 for 48 h in order to remove
residual oxygen, NOx

–, and other electron acceptors in sediments. By adding 13CH4 and different electron
acceptors (O2, NO3

–, SO4
2–, ferrihydrite, and birnessite), the aerobic methane oxidation, D-AOM, S-AOM,

and iron- and manganese-dependent AOM rates were measured, respectively, by using the 13C stable
isotope tracing method, with three replicates in each group. The serum bottles were incubated in a
shaker at 30°C in dark, rotated at 150 rpm min�1, and sampled every 24 h. The 13CH4 consumed and
13CO2 produced in the serum bottle were determined by gas chromatography-mass spectrometry
(Agilent 7890A inert MSD; Agilent) (64). The dry weight of the sediments in the serum bottle was
measured after the activity test was completed. Information about the treatment and the calculation
formulas can be found in Table S10.

DNA extraction and Illumina-based 16S rRNA gene sequencing. DNA extraction was performed
using the Power Soil DNA kit (Mo Bio Laboratories, Carlsbad, CA) according to the manufacturer’s
instructions. The archaeal 16S rRNA genes (V4-V5 region) were amplified by the primers Arc519F/Arc915R
(65). Sequencing of archaeal 16S rRNA genes was performed on the Illumina-MiSeq platform (Shanghai
Personal Biotechnology Co., Ltd.). The raw data were submitted to NCBI Sequence Read Archive database
under accession numbers SRR7772563 to SRR7772574. The rarefaction curves for the sequencing are
shown in Fig. S10. Specific information for the primers used in this study is shown in Table 3.

Quantitative PCR. Specific primers Arc519F/Arc915R were used to determine the abundance of total
archaea in sediments by qPCR (65). The specific primers ANME1-395F/ANME1-1417R, ANME-2cF/ANME-
2cR (31), and ANME-3F/ANME-3R (24) were used to determine the abundance of ANME-1, ANME-2c, and
ANME-3, respectively. The standard curves of qPCR were, respectively, constructed with a series of 10-fold
dilutions of plasmid DNA with a known copy number (amplification efficiency [�C] 
 0.91).

Phylogenetic and statistical analysis. ANME archaeal 16S rRNA gene sequences were classified into
OTU by using QIIME (www.qiime.org), with a cutoff 3% sequence difference. OTU belonging to ANME
archaea with a relative abundance of 
0.001% were selected for phylogenetic analysis. The represen-
tative sequences of the selected OTUs, as well as the reference sequences retrieved from the National
Center for Biotechnology Information (NCBI), were aligned in MEGA 7.0 using the ClustalW algorithm.
Phylogenetic trees were reconstructed using the neighbor-joining method in MEGA 7.0 (66).

QIIME was also used to analyze the diversity (Shannon index and Chao1 index) of the obtained OTU.
The correlations between the environmental factors and the community structure of ANME archaea were

TABLE 3 Primers used in this study

Primer Sequence (5=–3=) Target gene Reference

Arc519F CAGCCGCCGCGGTAA Archaeal 16S rRNA gene 65
Arc915R GTGCTCCCCCGCCAATTCCT Archaeal 16S rRNA gene 65

ANME1-395F AAC TCT GAG TGC CTC CTA ANME-1 16S rRNA gene 31
AAC TCT GAG TGC CTC CAA 31
AAC TCT GAG TGC CCC CTA 31

ANME1-1417R CCT CAC CTA AAC CCC ACT ANME-1 16S rRNA gene 31
CCT CAC CTA AAT CCC ACT 31

ANME-2cF TCG TTT ACG GCT GGG ACT AC ANME-2 16S rRNA gene 24
ANME-2cR TCC TCT GGG AAA TCT GGT TG ANME-2 16S rRNA gene 24
ANME-3F GGATTGGCATAACACCGG ANME-3 16S rRNA gene 24
ANME-3R TATGCTGGCACTCAGTGTCC ANME-3 16S rRNA gene 24
DP397F TGGCTGTCCAGCTRTYC ANME-2d 16S rRNA gene 69
DP569R GRACGCCTGACGATTRAG ANME-2d 16S rRNA gene 69
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determined by using CANOCO software redundancy analysis (67). Pearson correlation analysis of SPSS
19.0 (SPSS 2010) was used to determine the effect of environmental factors on the abundance, diversity,
and activity of ANME archaea.

SUPPLEMENTAL MATERIAL
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