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Abstract: [Objective] Cold seeps are mainly found along continental margins, which are characterized
by the seepage of cold fluids rich in hydrocarbons dominated by methane and hydrogen sulfide. With
unique geochemical environment, cold seep boasts unique prokaryotic community structure. However,
the relationship between prokaryotic composition and cold seep environment is not clear. [Methods] In
this paper, the key geochemical parameters, such as CH, in sediments and SO,* and H,S concentration
in pore water, were measured along the depth profile based on the sediment samples from the active
cold seep area of Makran continental margin. Through high-throughput sequencing of 16S rRNA gene,
the community structure and spatial variation of prokaryotic microorganisms in cold seep sediments
were systematically analyzed. [Results] Based on the methane- sulfate concentration, the sediments in
the active seepage area of the Makran continental margin were divided into sulfate- reduction zone
(SZ), sulfate- methane transition zone (SMTZ), and methanogenesis zone (MZ). It was found that the
diversity and abundance of prokaryotic microorganisms decreased with the increase of depth through o
diversity analysis and genetic quantification. According to the result of 16S rRNA gene sequencing,
Gammaproteobacteria, Alphaproteobacteria, and Epsilonbacteraeota were the dominant prokaryotes in
SZ, and the relative abundance of JS1, Chroloflexi, Lokiarchaeia, Bathyarchaeia, and
Thermoprofundales which were related to organic matter degradation and used sulfate as electron donor
was also high. ANME-1la, ANME-1b, and SEEP-SRB1 accounted for a large proportion in SMTZ,
indicating that they might jointly mediate the anaerobic oxidation of methane coupled to sulphate
reduction (SR-AOM). In addition, the prevalence of Bathyarchaeia and Chroloflexi indicated the
potential of other hydrocarbons besides methane in the sediments. [Conclusion] Through the

exploration of the prokaryotic communities in Makran cold seep, it is found that the bacterial and
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archaeal community compositions are closely related to the unique geochemical environment of the

cold seep.

Keywords: Makran cold seep; cold seep sediments; sulfate-methane transition zone; anaerobic
methane-oxidizing archaea; sulfate-reducing bacteria; organic matter degradation
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FESE ALK IR A 1 818 m. F A AEUTA AL AR
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Figure 1 Vertical profile changes of methane, sulfate
and sulfide concentrations at station G35.
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i T2 AR 23— Wk R el % 44 m o AR 52 T B
R 1), EIERZUORY 50 om L5
F{E M 28.13 mmol/L, 7E 360 cm 4bAYITHR
R RANESY 0.62 mmol/L; Hrp, R
BAE 0-360 cm HBEIZRE RS oL, HAE
[ EUURRA(0-180 cm)fi 2 A5 1 #E R W] i 5y
TR 2T Y (180-360 cm) . Ji§ 2 It 1
(360-440 cm)H A7 R £k 1k B AREAIG , (ELE R
S v FE R B/NIR B B

R P AR - H e ik B i A8 A (B DA DTRR
Fy M ER A2 PR EE A B X 43 R R R A i X
(SZ; 0-180 cm). FifRh-H befe 4 X (SMTZ;
180-390 cm) M= HLE X (MZ; 390440 cm).

F1 G NAE. dEEER

22 ARYPHEANHENEEEE
5T 16S rRNA J:[H RT-qPCR Y& & 45
Je AR SO B T B8 22 A SR TR TP 40 R A
WA E B (R 1), S5 RMW, 40 4 e 3=
JEE TG B N 2.63-2.40%10" cells/g, T 40 g 4= 2
L FE A 0.20x107-1.00x10° cells/g. #H[RIRIE T,
21 T 200 i = ke G A AT L R 3 B
RS, AT ETE SMTZ &,
HY S SZ, 1 MZ Hr=F el o T 4 i = B
16 SZ I FRJZUURY) 15-45 cm W&, foRME
HMILAE 45 cm Ab, 4 0.76x10° cells/g; f/NFEE
}7 0.90x107 cells/g, 7E 95 cm Ak, 7E 225-285 cm
AR FE VL L P9 (SMTZ) o T i T R e v, Hop

Table 1 Bacterial and archaeal abundances at station G35
Copies of bacterial Copies of archaeal Bacterial cells Archaeal cells .
Depth/cm 16S rRNA genes/ 16S rRNA genes/ abundance/ abundance/ Geoc‘:hemlca¥
(x10° copies/g) (x10° copies/g) (x10° cells/g) (x10° cells/g) gradient zoning
15 338.84 0.41 64.57 0.24 SZ
35 309.03 0.60 58.88 0.35 Sz
45 1 230.27 1.29 239.88 0.76 Sz
75 208.93 0.25 40.74 0.15 Sz
95 141.25 0.15 27.54 0.09 Sz
105 97.72 0.25 18.62 0.14 Sz
135 234.42 0.19 44.67 0.11 Sz
155 95.50 0.07 18.62 0.04 Sz
165 199.53 0.46 38.02 0.27 Sz
195 190.55 0.47 36.31 0.28 SMTZ
215 97.72 0.35 18.62 0.21 SMTZ
225 512.86 1.23 97.72 0.72 SMTZ
255 776.25 1.62 147.91 0.95 SMTZ
275 602.56 1.32 117.49 0.78 SMTZ
285 346.74 1.70 67.61 1.00 SMTZ
315 95.50 0.36 18.20 0.21 SMTZ
335 147.91 0.41 28.84 0.24 SMTZ
345 87.10 0.23 16.98 0.14 SMTZ
375 34.67 0.09 6.61 0.05 SMTZ
395 28.18 0.06 5.50 0.03 MZ
405 131.83 0.21 25.12 0.13 MZ
435 13.49 0.03 2.63 0.02 MZ
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285 cm Ab 2R TTRR Yy ) THT oty TR A A T A
EIALE, 53] 1.00x10° cells/g, MMi7E 375 cm
S FEERAR, M 0.50%107 cells/g; MZ 14 40
it = B A e A 0.13% 108 cells/g (405 cm), Fi /)y
{4 0.20x10° cells/g (435 cm).

gt O S e R T £ 2 N
BT SZ o, MEM RS EE N
2.40x10" cells/g, HINTE 45 cm 4b, HABIREE LN
WA F A R R A8k SRR A
L, SMTZ 4 i i = B2 s BB B2 Y RAE
225-285 cmAb, Horp FEE R KA BT 255 em &t
e/ IMEU S BIAE 375 em 4k, 23511 1.50x10'° cells/g
1 6.61x10° cells/g. MZ 40T 4 i ~F B A 254k,
A T R A B B 2R A A3, 7E 405 cm
AR R, 435 em AbERAR, HdmmEmEE Rl
2.51x10° cells/g, HfEFEH 2.63x10° cells/g.

2.3
M
DU A i A TR o Z AR SR
WY, SVK L o ZREVEREECE BT B RER B Y
hng >, B[RRI T, Al
AV ZAEE R M T . 45§ Chaol HY4F
A JE B 1 265.43-3 332.77, Shannon F& %728
1B 75 Bl A 0.80—2.48, Simpson F5 %Y 42 4k 70 il
7 0.01-0.52, #HILZF, & Chaol AYAEfL
Bl 362.55-828.37, Shannon $5 %1725 1678
Fl 4 0.95-1.66, Simpson F& %725 Ak 38 FE U Ky
0.07-0.41 (Kl 2). MM o ZREPETERIRER-H
PeARIX 350 em 2 A U B S SR, —H
SEARZ PR HE X 390 em Ab, Z G EHITIR T
Feo R o ZHMETEMPREE R X R, bl
TREE SN RS/, 76 105-175 cm /NE ETH5

MR PHENET o ZHES B S

(A) Simpson (B) Simpson
0.0 0.2 0.4 0.6 0.0 0.1 0.2 0.3 0.4
I T T 1 r T T T T
(?.U 05 1.0 1.5 20 25 8.0 03 06 09 15 15 1 .80
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Figure 2 Alpha diversity indices (Chaol, Shannon and Simpson) of bacterial (A) and archaeal (B) at station

G35.
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Figure 3 Bacterial (A) and archaeal (B) non-metric multidimensional scaling analysis (NMDS) results at
station G35. The distance algorithm is Bray-Curtis, stress value (stress coefficient) is used to test the merits
of NMDS analysis results. When stress <0.2 often can be represented by the two-dimensional point graph of
NMDS (R>0.25, P<0.05), which has certain explanatory significance. When stress <0.1, can be considered a

good sort; When stress<0.05 is a good representative

%2 G35 NMDS 94 R[5 £ #9 ANOSIM
1 AMOVA & Z 4105

Table 2 ANOISM and AMOVA significance test of
the different groups in NMDS analysis at station G35

ANOSIM AMOVA
Groups
P R P
Bacteria Group 1 vs2 0.001 0.38 0
Group 1 vs 3 0.017 0.43 0.009
Group2vs3 0.010 0.23 0.030
All groups 0.002 0.35 0
Archaeca Group 1 vs2 0.002 0.37 0
Group 1 vs3  0.019 0.47 0.015
Group 2 vs3 0.041 0.44 0.024
All groups 0.001 0.39 0.002

Group 1: SZ; Group 2: SMTZ; Group 3: MZ.

[30]
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Figure 4 Composition of bacterial communities at station G35. The communities of bacteria in phylum
(except Proteobacteria, A) and class (except SEEP-SRB1 in genus-level and Alphaproteobacteria,
Gammaproteobacteria and Deltaproteobacteria at order-level, B) level, respectively. Uncultured in A refers
to uncultured Bacteria. Display the composition of all communities with relative abundance >3%.
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Figure 6 Composition of archaeal communities at

station G35. This is a chart of the community

composition of archaea in class-level (except ANME-la and ANME-1b), showing the composition of all

communities with a relative content >1%.

SZ B 54 XL F, T Woesearchaeia
Thermoprofundales T£ SMTZ AHX} & & B i 5
5 o ANME-la (0.02%-16.95%) fil ANME-1b
(0.03%—30.83%)7E SMTZ AHXF & & B B 7
H ANME-1b 7£ SMTZ FJZUTH Y s H B
TR JE B8 0w G = ke, ML A, Altiarchaeia
(0-1.39%). Hadesarchaeaeota (0.07%—3.72%).
WA H (Nitrosopumilaceae) (0.28%—4.90%)
FE DR P 81 At 3 5 A A, (HAR IR R AR X B
3 3tk

SRR Y REIE AL B 2 RE T AT
& WY A:  AE R e ) T AR R [ A Bk
b 2% 6 B 43 DX A B S A 25 5 (P<0.05) .

Gammaproteobacteria . Epsilonbacteraeota JX
Alphaproteobacteria WIHR7 FHEA T W8 IR A

P4 actamicro@im.ac.cn, & 010-64807516

i ) A o AR R A R R 30 i DX R 3 A P Bk
fhfad B2 —P2 R £ W, Sulfitobacter
(Alphaproteobacteria)JS FE A I b h HAG W
Bl AR A AL D RED Y, AT REREHNAE 50 em
A B3 2 J2 DURR A AR AR 5 s A D I

Sulfurovum (Epsilonbacteraeota)2S T H. A 1] F|
e N e R e X (B S IR AL EN U AW =3 A
38 W A R RE sk BRI 2H R PR 2 Y
AR SRR O] B A A [ RE % 78 I 2 T
By Aih, JF HEEEAE SMTZ 1y T ER kDL
MY WAFLE . Lokiarchaeia. Bathyarchaeia

Thermoprofundales ). Chroloflexi SFU/4= ) HA% X,
1452 5 1A WU R S5 bR AL 2 R, 4
J& SZ th FE AR Wb R AL Sl R FH OGS R
W1, Thermoprofundales. Bathyarchaeia RS [%
iR E A CRREL . T LB W AL A
MLEEREOY, Chioroflexi W AFAE T & S ALY



ZEHAREE | AR, 2022, 62(6)

2033

FREE R o Anaerolineae HAT — & Mtk
KA G Wy B fE v J1, T Dehalococcoidia 7 GEZ
5T ER MR, SZ ZFLBRK iR
ERHAER) EE XL, R RUITER)Z IR Y
B R #h 1) 38 i 32 2L 2o [ i A LY i AR
(2CH,0+S0,> —2HCO; +H,S)*!,

A1 A B R AE SMTZ BB 3, 540
AL AR o 2R SRR, XUl T
PR e R J3E %) 338 J0 R ik 2 6 e B P A A1 T i e
e Z R BRI — D E SR AE N R,
2L RULEYIH SEEP-SRB1 5 ANME-1la,
ANME-1b 7E SMTZ AHIX} & & B B Ih sk —
KHE T SRBs 5 ANMEs HBIK 1) F o DR 42 481k
(AOM) /2 7% X 5 B (A A W M BR Ak 2 VR R 2
HER A M 45 R o, ZEREAS DR A P
Bt Ak Uk B R A, U TERE AN
210-250 cm (J& T SMTZ)E N, vk it
T 28 mmol/L (B 1), EfHFEEME, i
IX 8] PN i 2 AL 41 B (SOB)  Sulfurimonas WA X
SEWIH BT E .. Sulfurimonas % SOB HEE A
L ZFhR JEPE LA (S™ . S° LA K& SO5™), fildn
FE 8 R 1 1R B3I il 2 R A9 38 )5 DTN TS HIL
B Ak SR Ak S A B A R R Y, AT AT
SMTZ J¢ F )= 4R ek, 52 %t
N A2, B R Eh I8 5L SEEP-SRB1 Y & S 763X
ANTEFN T (K 4), S fl S0 B B T 4
HE T A EEM: . IS1 (Atribacteria) . Woesearchaeia
H Lokiarchaeia /& SMTZ LY F ., 2
R RN, IS1 mFR Qs m " B Lk |
CO,. S BESEW) 5T AT DL 7 B e T S Ak S i it
BE, I IST FEVR RIS BRIX A R e v g
A R BRAFTE B R Y, W E R,
UG TRATTAR S DT W0 1 s BR Ak 2 S HCE DR
BRI 43 0 T P BT, (HAEFR AT TR Y
HR OO ARG I 3 Y 7 R BE R AR TE . DFIE R

B, Woesearchaeia B A kB ATE 7=, BB
WA LRI CNTE Bty R 2 <1, X
W] BEA I SR E SR A B UH SR AL R e g )
A . T EE— 5 I, 1E 270-440 cm
TR, WRE BT B e IR E R 3
THFE, RIMWEART FJ. 454G SMTZ fil MZ
th K EAFTEN) Woesearchaeia, JS1 LT &)
HGEWR L, KRB T4 AT REAF 7)™ B i 72
JELAE 122 Ak 2R ARG 80 0 2 7 B g o 1000, )
A BEAFTE H A HAT 77 F BE 2h RE 1 J5EAZ B Ay o
BEo AL, BT i T L E IR T2
T v KT 2 S5 45 A D JH Al X e 2 e R 1
T EFbEED, Skl AR R IZAL B B
T 0 5L A

JS1. Lokiarchaeia 7 MZ 1 FH X} & &
L XL, HOR & Woesearchaeia Fl
Dehalococcoidia . Lokiarchaeia T£/ R R 1Y
DU 2 iz A A X AT RE S AT LA 2
FPAS [R] 28 B () A L5, B AR 9 1 A B 1
A7 G W) A T A2, 7E 405-410 em 4L,
Gammaproteobacteria ( £ 2 5 Halomonas H
Marinobacter) il Epsilonbacteriaeota ( F % Ky
Sulfurimonas) L HMERETE HH T MZ J& T
PR B IR A IR, I Sulfurimonas .Halomonas
' Marinobacter ZEHEF| AR A H A+
S A (N AF R 2R ) HEA 7 B B 5 . B A R R =
FAMEALE TN B R R R A
MZ REAFEMIRE . H, Sulfurimonas 7]
VAR 2 I i 2 (ORI LR
Al RE R Z AR A AR R Y
Halomonas Fl Marinobacter it ] BE S 5 A i
KRS AN, Dehalococcoidia B5ESZRE
02 535 FHIRM MY, Xl — B8R FE S5
VR IR IX AT REA B H bt 2 A A 2R M A7 TE

e, E VIR, TEXNS SR RGBT

http://journals.im.ac.cn/actamicrocn



2034

Li Qiran et al. | Acta Microbiologica Sinica, 2022, 62(6)

FE AR, EARTIRY) . FLBR AR LI 2R fiv b4
BHTE B AN [ B T 52 3800 1A A [R]85
Yo Bilan, DR A FL UK IR S G el B
L HC A i i 2y R AT AR R BE 78 T o 2 4 PR
AR PR W I, AT B B A 2 KB/ IN I 3]
BT PE S . 2T, BARTTRYAA
A m IR ER SR IE(E BRI R RO K 2, 3R
A WECEBVBOT AR F IR AR AP0
T HORE 18] B8 LA e I3t 05 vk 25 22 5 T DR &G RR
i, FATET BN AL SRR AL — %E ] N4 — A )n
A R kR, ARG LK
Al Wy e S A58 0 £ B AR B R — SRR IE i
(4, Al RLUE W AE =38 PIric s py st i) ROBEFE R
RS XAV R 3 B2 LB AR E Y

4 Hip

B 0T, 22 KR i 2% SR X TCAR A 91 T b b 3k
et AL 2, IRy SZ. SMTZ DL
MZ 3 453X, FF B JRG SR RS RE - Bk
A W T A T ) B U R AR 2 B T AR el
S W 22 5 (P<0.05), JLHE Sz 5
SMTZ AL Dy fe i 2R AT A H B 2 1
2251 (P<0.005). SZ YL b DLk IS4 A AL |
AR I it B TR 6 30 I8y T S 14 A Wy st Bk Ak
R, SMTZ W BeHy EENAES T, iz
F7EH ANME-la, ANME-1b fll SEEP-SRB1 2§
HEST ) SR-AOM i 2. 78/ 4% KA HY MZ
Epsilonbacteraeota Ml Gammaproteobacteria 1)
RSN e =i B R s A R (E R R W iR 952
EFE R, AR Epsilonbacteraeota
Gammaproteobacteria ZE ] G886 F] H & < =2 4b
B HL 2 AR A T B 54k - JS1 | Bathyarchaeia
Lokiarchaeia } Woesearchaeia 5 BE1E DTN
P TR P i A TR, R — 2P O H S e B R B
AR TR . 5w 228 SR KT h

<l actamicro@im.ac.cn, & 010-64807516

2R TR 5 R AR v A 2 Y 25 S v R XX
MO ERAL 2 BRI 2 (B A A B DT SCHK , (RB T 5
VO VR SR R W A AR v ALl B X A
B A WAL

S

[1] Jergensen BB, Boetius A. Feast and famine-microbial
life in the deep-sea bed. Nature Reviews Microbiology,
2007, 5(10): 770-781.

[2] Emil RS, Biddle JF, Teske AP, Katrin K, Antje B,
Alban R. Global dispersion and local diversification of
the methane seep microbiome. PNAS, 2015, 112(13):
4015-20.

[3] Boetius A, Wenzhofer F. Seafloor oxygen consumption
fuelled by methane from cold seeps. Nature
Geoscience, 2013, 6(9): 725-734.

[4] Sellanes J, Neira C, Quiroga E, Teixido N. Diversity
patterns along and across the Chilean margin: a
continental slope encompassing oxygen gradients and
methane seep benthic habitats. Marine Ecology, 2010,
31(1): 111-124.

[5] Bernardino AF, Levin LA, Thurber AR, Smith CR,
Moénica M. Comparative composition, diversity and
trophic ecology of sediment macrofauna at vents, seeps
and organic falls. PLoS One, 2012, 7(4): e33515.

[6] Suess E. Marine cold seeps and their manifestations:
geological control, biogeochemical criteria and
environmental conditions. International Journal of
Earth Sciences, 2014, 103(7): 1889-1916.

(7] skE, BOE, ORERAE, bR, FTBEE, BRME. AR

S 2 JZ O Hh B R 1 3 D TR A3 A R AE B 5. b
REERL, 2016, 36(12): 3750-3758.
Zhang Y, He H, Mi TZ, Zhen Y, Fu LL, Chen Y.
Distribution of sulfate-reducing bacteria in surface
sediments from East China Sea. China Environmental
Science, 2016, 36(12): 3750-3758. (in Chinese)

[8] Whiticar MJ. Carbon and hydrogen isotope systematics
of bacterial formation and oxidation of methane.
Chemical Geology, 1998, 161(1/2/3): 291-314.

[9] Cho H, Hyun JH, You OR, Kim M, Kim SH, Choi DL,
Green SJ, Kostka JE. Microbial community structure
associated with biogeochemical processes in the

(SMTZ)  of

gas-hydrate-bearing sediment of the ulleung basin,

East Sea. Geomicrobiology Journal, 2017, 34(3):

207-219.

sulfate-methane  transition  zone



ZEHAREE | AR, 2022, 62(6)

2035

(10]

[13]

[14]

[15]

[17]

[19]

Kopp C, Fruehn J, Flueh ER, Reichert C, Kukowski N,
Bialas J, Klaeschen D. Structure of the Makran
subduction zone from wide-angle and reflection
seismic data. Tectonophysics, 2000, 329(1): 171-191.
Von Rad U, Résch H, Berner U, Geyh M, Marchig V,
Schulz H. Authigenic carbonates derived from oxidized
methane vented from the Makran accretionary prism
off Pakistan. Marine Geology, 1996, 136(1): 55-77.
Sain K, Minshull TA, Singh SC, Hobbs RW. Evidence
for a thick free gas layer beneath the bottom simulating
reflector in the Makran accretionary prism. Marine
Geology, 2000, 164(1): 3—12.

Zhen Z, Gaowen H, Huiqiang Y, Xiguang D, Miao Y,
Wei H, Wei D, Syed W, Naimatullah S, Noor A. Diapir
structure and its constraint on gas hydrate
accumulation in the Makran accretionary prism,
offshore Pakistan. China Geology, 2020(4): 611-622.
Lloyd KG, Lars S, Petersen DG, Kjeldsen KU, Lever
MA, Steen AD, Ramunas S, Michael R, Sara K, Sabine
L, Andreas S, Barker JB. Predominant archaea in
marine sediments degrade detrital proteins. Nature,
2013, 496(7444): 215-8.

Feng JX, Li N, Luo M, Liang JQ, Yang SX, Wang HB,
Chen DF. A quantitative assessment of methane-
derived carbon cycling at the cold seeps in the
northwestern South China Sea. Minerals, 2020, 10(3):
256.

WeilJ, Wu T, Zhu L, Fang Y, Liang J, Lu H, Cai W, Xie
Z, Lai P, Cao J, Yang T. Mixed gas sources induced
in the
Qiongdongnan Basin, South China Sea. Marine and
Petroleum Geology, 2021, 128, 105024.

MEE, BER, EUTAE, B, WK, W POR YA
T A AL ) 0 ST L E A 1 T A 5 T RE AR
& Bt AR 23R, 2008, 21(1): 5-8.

Ye Y, Huang X, Han CH, Zhao W, Pan YW. In-situ
measurement of the dissolved S2-in seafloor diffuse

co-existence of sl and sII gas hydrates

flow system: sensor preparation and calibration.

Chinese Journal of Sensors and Actuators, 2008, 21(1):

5-8. (in Chinese)

Huang RL, Crowther TW, Sui YY, Sun B, Liang YT.
High stability and metabolic capacity of bacterial
community promote the rapid reduction of easily
decomposing carbon in soil. Communications Biology,
2021, 4(1): 1376.

Wei SP, Cui HP, Zhang YC, Su X, Dong HL, Chen F,
Zhu YH. Comparative evaluation of three archaeal

primer pairs for exploring archaeal communities in

[22]

(23]

[24]

[27]

(28]

deep-sea sediments and permafrost soils. Extremophiles,
2019, 23(6): 747-757.

Cui HP, Su X, Chen F, Holland M, Yang SX, Liang JQ,
Su PB, Dong HL, Hou WG. Microbial diversity of two
cold seep systems in gas hydrate-bearing sediments in
the South China Sea. Marine Environmental Research,
2019, 144: 230-239.

Lee CW, Bong CW. Bacterial
production, and their relation to primary production in

abundance and
tropical coastal waters of Peninsular Malaysia. Marine
and Freshwater Research, 2008, 59(1): 10-21.
Stoddard SF, Smith BJ, Hein R, Roller BRK, Schmidt
TM. rrnDB: improved tools for interpreting rRNA gene
abundance in bacteria and archaea and a new
foundation for future development. Nucleic Acids
Research, 2014, 43(D1): D593-D598.

Chen SF, Zhou YQ, Chen YR, Gu J. Fastp: an ultra-fast
all-in-one FASTQ preprocessor. bioRxiv, 2018, DOI:
10.1101/274100.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T,
Yarza P, Peplies J, Glockner FO. The SILVA ribosomal
RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Research, 2012,
41(D1): D590-D596.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Wagner
HH. Vegan community ecology package version 2.5-7
November 2020. https://CRAN.R-project.org/package
=vegan.

Anderson MJ, Walsh DCI. PERMANOVA, ANOSIM,
and the Mantel test in the face of heterogeneous
dispersions: what null hypothesis are you testing?
Ecological Monographs, 2013, 83(4): 557-574.

Bruno C, Videla ME, Balzarini M. Test of interaction
in the analysis of molecular variance. Journal of Basic
and Applied Genetics, 2019, 30(1): 17-23.

Lilley MD, Butterfield DA, Lupton JE, Olson EJ.
Magmatic events can produce rapid changes in
hydrothermal vent chemistry. Nature, 2003, 422(6934):
878-81.

Paull CK, Ussler IIIW. History and significance of gas
sampling during DSDP and ODP drilling associated
with gas hydrates. Washington DC American
Geophysical Union Geophysical Monograph Series,
2001, 124: 53-65.

s, MEHR ., RRIEFD, R/ANE, BAE, BRINK,
TRATRR, BOBH. UL F AR I M A B KR A
TCEHES I RETE S5 ] 3has. R AR ZS2A4I, 2017,
28(4): 1360-1369.

http://journals.im.ac.cn/actamicrocn



2036

Li Qiran et al. | Acta Microbiologica Sinica, 2022, 62(6)

[32]

[33]

[36]

Zhang H, Ye JY, Liang XL, Zhu X]J, Jin SF, Chen YG,
Zhang JR, Dai Y. Monthly changes in the benthic
macro-invertebrate community structure in the habitats
of Phragmites australis marsh in the Dongtan wetland
of the Yangtze River Estuary, China. Chinese Journal
of Applied Ecology, 2017, 28(4): 1360-1369. (in
Chinese)

Ken TK, Miyazaki M, Nunoura T, Hirayama H, Oida H,
Furushima Y, Yamamoto H. Sulfurivirga caldicuralii
gen. nov., sp. nov., a novel microaerobic, thermophilic,
thiosulfate-oxidizing chemolithoautotroph, isolated
from a shallow marine hydrothermal system occurring
in a coral reef, Japan. International Journal of
Systematic and Evolutionary Microbiology, 2006,
56(8): 1921-1929.
Yamamoto M, Takai K. Sulfur

Gammaproteobacteria  in

metabolisms in
Epsilon-and deep-sea
hydrothermal fields. Frontiers in Microbiology, 2011,
2:192.

Prabagaran SR, Manorama R, Delille D, Shivaji S.
Predominance of Roseobacter, Sulfitobacter, Glaciecola
and Psychrobacter in seawater collected off Ushuaia,
Argentina, Sub-Antarctica. FEMS  Microbiology
Ecology, 2007, 59(2): 342-355.

Fukui YH, Abe M, Kobayashi M, Satomi M.
Sulfitobacter pacificus sp. nov., isolated from the red
alga Pyropia yezoensis. Antonie Van Leeuwenhoek,
2015, 107(5): 1155-1163.

Sun QL, Zhang J, Wang MX, Cao L, Du ZF, Sun YY,
Liu SQ, Li CL, Sun L. High-throughput sequencing
reveals a potentially novel species
the the
seawater-sediment interface of a deep-sea cold seep in
South China Sea. Microorganisms, 2020, 8(5): 687.
Moulana A, Anderson RE, Fortunato CS, Huber JA.

Selection is a significant driver of gene gain and loss in

Sulfurovum

dominating microbial communities of

the pangenome of the bacterial genus Sulfurovum in
geographically distinct deep-sea hydrothermal vents.
Msystems, 2020, 5(2): e00673-19.

Mino S, Kudo H, Arai T. Sulfurovumaggregans sp.
nov., a hydrogen-oxidizing, thiosulfate-reducing
chemolithoautotroph within the Epsilonproteobacteria
isolated from a deep-sea hydrothermal vent chimney,
and an emended description of the genus Sulfurovum.
International Journal of Systematic and Evolutionary
Microbiology, 2014, 64(Pt_9): 3195-3201.

Bayer K, Jahn MT, Slaby BM, Moitinho-Silva L,

Hentschel U. Marine sponges as Chloroflexi hot-spots:

<l actamicro@im.ac.cn, & 010-64807516

[39]

[40]

[41]

[44]

[45]

(48]

genomic insights and high resolution visualization of
an abundant and diverse symbiotic clade. bioRxiv,
2018, DOI: 10.1101/328013.

Yin XR, Cai MW, Liu Y, Zhou GW, Tim R, Aromokeye
DA, Kulkarni AC, Rolf N, Henrik C, Zhou ZC, Pan J,
Yang YC, Gu JD, Marcus E, Li M, Friedrich MW.
Subgroup level differences of physiological activities
in marine Lokiarchaeota. The ISME Journal, 2021,
15(3): 848-861.

Busch K, Wurz E, Rapp HT, Bayer K, Hentschel U.
Chloroflexi dominate the deep-sea golf ball sponges
Craniella  zetlandica and Craniella infrequens
throughout different life stages. Frontiers in Marine
Science, 2020: 674.

S AR, R, . TR B A AL
YEFH (AOM) Sz HoX TCHLBRAG R 0 5200 . b KR 272 i
J2, 2013, 28(7): 765-773.

Wu ZJ, Ren DZ, Zhou HY. Anaerobic oxidation of
methane (AOM) and its influence on inorganic sulfur
cycle in marine sediments. Advances in Earth Science,
2013, 28(7): 765-773. (in Chinese)

Pokorna D, Zabranska J. Sulfur-oxidizing bacteria in
environmental technology. Biotechnology Advances,
2015, 33(6): 1246-1259.

Pellerin A, Antler G, Rey H, Findlay A, Beulig F,
Scholze C, Turchyn AV, Jergensen BB. The sulfur
cycle below the sulfate-methane transition of marine
sediments. Geochimica et Cosmochimica Acta, 2018,
239: 74-89.
Jorgensen BB, Findlay AJ, Pellerin A. The
biogeochemical sulfur cycle of marine sediments.
Front Microbiol. 2019, 10: 849.

Li WL, Dong X, Lu R, et al. Microbial ecology of
sulfur cycling near the sulfate-methane transition of
deep-sea cold seep sediments.
Microbiology. 2021, 23(11): 6844-6858.
Carr SA, Orcutt BN, Mandernack KW, Spear JR.

Abundant Atribacteria in deep marine sediment from

Environmental

the Adélie Basin, Antarctica. Frontiers in Microbiology,
2015, 6: 872.

Castelle CJ, Wrighton KC, Thomas BC, Hug LA,
Brown CT, Wilkins MJ, Frischkorn KR, Tringe SG,
Singh A, Markillie LM, Taylor RC, Williams KH,
Banfield JE. Genomic expansion of domain archaea
highlights roles for organisms from new Phyla in
anaerobic carbon cycling. Current Biology, 2015, 25(6):
690-701.

Liu X, Meng L, Castelle CJ, Probst AJ, Zhou Z, Pan J,



ZEHAREE | AR, 2022, 62(6)

2037

[50]

[51]

[52]

A&, F, 1982 F 1 A4, JMEFRFAASHEZEAIARN, AARATRIR
B ERAPAIAT TARE ZHAAS ot ARG EERJERTAST. 2N
IR BEWIE T RIASE A E AR TAE. £ Journal of Geophysical Research: Solid

Yang L, Banfield JF, Gu JD. Insights into the ecology,
the
Woesearchaeota lineages. Microbiome, 2018, 6(1):
1-16.

Wang YZ, Gunter W, Williams TA, Xie RZ, Hou JL,
Wang FP, Xiao X. A methylotrophic origin of

evolution, and metabolism of widespread

methanogenesis and early divergence of anaerobic
multicarbon alkane metabolism. Science Advances,
2021, 7(7): eabj1453.

Wang YZ, Gunter W, Hou JL, Wang FP, Xiao X.
Expanding anaerobic alkane metabolism in the domain
of archaea. Nature Microbiology, 2019, 4(4): 595-602.
eHan YC, EPerner M. The globally widespread genus
Sulfurimonas: versatile energy metabolisms and
adaptations to redox clines. Frontiers in Microbiology,
2015, 6: 989.

Wang L, Shao Z. Aerobic

heterotrophic sulfur oxidation in the genus Halomonas

denitrification and
revealed by six novel species characterizations and
genome-based analysis. Frontiers in Microbiology,
2021, 12: 390.

FREG, TG REETT, SKEEE, BN, KBEE. b

[55]

Earth. Applied Geochemistry 5 #1F) &£ & F KX 30 & H.

2 Y R AR DX T % R 0 A A T 2 R 1 LA A A
bk, BUEYIAIR, 2019, 59(6): 1036-1049.

Du R, Yu M, Cheng JG, Zhang JJ, Tian XR, Zhang XH.
Diversity and sulfur oxidation characteristics of
cultivable sulfur oxidizing bacteria in hydrothermal
fields of Okinawa Trough. Acta Microbiologica Sinica,
2019, 59(6): 1036-1049. (in Chinese)

Evans MV, Jenny P, Hanson AJ, Welch SA, Sheets JM,
Nicholas N, Daly RA, Cole DR, Darrah TH, Wilkins
MJ, Wrighton KC, Mouser PJ.

Marinobacter

Members of

and Arcobacter influence system
biogeochemistry during early production of hydraulically
fractured natural gas wells in the Appalachian Basin.
Frontiers in Microbiology, 2018, 9: 2646.

Valentine DL, Kastner M, Wardlaw GD, Wang X,
Purdy A, Bartlett DH. Biogeochemical investigations
of marine methane seeps, Hydrate Ridge, Oregon.
Journal of Geophysical Research, 2005, 110: G02005.
Feng D, Qiu JW, Hu Y, Peckmann J, Guan HX, Tong
HP, Chen C, Chen JX, Gong SG, Li N, Chen DF. Cold
seep systems in the South China Sea: an overview.

Journal of Asian Earth Sciences, 2018, 168: 3—16.

http://journals.im.ac.cn/actamicrocn



