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To obtain knowledge on the spatial variations of methanotrophic guilds along the methane flux regimes, we performed geochemical and microbiological analyses within a mud
volcano (MV420) of the Canadian Beaufort Sea. Sediments were collected from visually discriminative chemosynthetic fields, bare of organisms (BO) with the naked eye, covered
with bacterial mats (BM), or siboglinid tubeworms (ST) of MVV420 and reference site. The methane flux decreased in the order of the BO, BM and ST sites. With the down core
stratification of biogeochemical and microbial profiles within each site of MV420, Ipid biomarker and 16S rRNA analyses revealed the spatial difference of aerobic methane
oxidation (MOXx)- and anaerobic methane oxidation (AOM)-related groups along the sites of MVV420, which were distinctly different with the reference site. MOXx-related bacteria,
Methlyococcales dominated the surface layer of BO site whilst AOM-related archaea, mostly ANME-3 and sulfate reducing bacteria of Desulfobacterace and Desulfobulbaceae were
predominant in the sediments of BO and ST sites. Accordingly, our results suggest that a niche diversification within this MV system has shaped distinct methanotrophic
communities due to the availability of electron acceptors in association with varying degree of methane fluxes and bioirrigation activity.

Sampling

10e11SqV

= gDNA extraction = Trimming |
... * Location: Canadian = PCR and MiSeq sequencing * Error correction and Assembly

Beaufort Mud Volcano « Bacteria (V4-V5) and Archaea (\V6-V8) - Clustering and_ Chimera check
(MV420) = Taxonomic assignment

CANADA &
1a1 W B

- TO4T'48™N

e Method: Push core of » Biomarker ana|ysis
e REMOtely Operated Vehicle

| and Box core
RS | = Gas and Porewater analysis

= Methane concentration and isotopic composition
= Concentration of Chloride and Dissolved
Inorganic Carbon (DIC)

= Total Organic Carbon (TOC)
= Total sulfur (TS)

Bacteria mats field @ Siboglinid tubeworms fiald
(ARAOBC-DIVE104-T, 13) {(ARADSC-DIVE105-14, 12)

SPOUYIBIN 79 S[elIale|N

» Bulk element analysis

2. Lipid composition

4. Phylogenetic analysis of major OTUS

-
Gas and porewater Bulk elements Bacterial lipids Archaeal lipids Bacterial lipids Archaeal lipids and thel r abu ndan Ce
s Steroids Unsaturated fatty acids  Isoprenoid DGDs GDGTs sBc,, 5'°C - 8"°C, 813
' C:H4 ™ 8042 e DIC A TOC A TS a) P i . ooy st unsaturated fatty acids isoprenoid DGDs Biphytanes
a) (mM) (MmM) (mM) (wt. %) (wt. %) (ngg) (hgg™) (ngg) (vgg) a) (%0 VPDB) (%0 VPDB) (%o VPDB) (%0 VPDB)
00 04 08 12 00 01 02 03 00 O1 02 03 00 04 08 1.2 120 -80 -40 0 -120 -80 -40 0 -120 -80 -40 0 -120 -80 -40 0
0 5 10 15 20 0 10 20 30 0 10 20 3 40 0 1 2 3 0 1 2 3 0 11 | - | 11 L1 I 1 | 1 | 1 I 1L | - - | - I - 0 1 | [ | 1 [ | 1 | [ [ | 1 | 1 [ | 11 | 1 — m
0o 1. IOI i | I Ll L b 1 e I&. I e ! ! L+ 1 ¥V 41 4A _* *x 1 v 1 LA ] ] 4 Methvioprofundus sedimenti WF1 (KF484906) U)
—_ 1 o] : ﬁ i ﬁ = ] vV 3 o4 1= > (@] = ] v ] oa ] 0 - ] * = (@] a Methanotrophic bacterial endosymbiont of Bathymodiolus sp. (AJT45717)
= . - o o el A A 2z o g 5 1 I Jrm T = g 54 w - 4 o = — * S C
o 5 ] — —] ] “_ % ] i = (3 ~— 7 7 7 ] (o] :E' ] ] 3 ] ({»] o BE_OTUO004
— N ~ - ] i ] i ] ] ] ] e
= ] *® © e e} * o 3 o E g o E %_ 10 v ™ 1= ¥ g E =3 10 3 i A = - - ] * * g oY) Uncultured bacterium__ carbonate chimney Lost City Hydrothermal Field (DQ270629) -:g T—
=3 - _ ] . iy . y 7 - - ] — [ ] ] ] ] — 5 ﬁ
o 10 - A‘ 5_\: 2~ E - % 3 ~ 1 o s W 3 =) e - O [ ] - * ¥ w 3 — Uncultured bacterium_methane seep sediment, Eel River Basin (FI264570) S
o . o . o A 2 AL »w @ s . . @ ] 3 . S U)
@ rFY £ 41 & A 3 45 3 s 15 - — — — Methylococcaceae bacterium SF-BR (AB453959) =
o 15 — — — ] - I 1 44 w 2 “h 1 o P w (& = = * * | £ . R =
O . - o ® O > (&) 4 ] Uncultured bacterium_ hair of Shinkaia crosnieri, Okinawa Trough (EU107483) E
20 - I I I I I I T I — I : 20 - 20 _E,Ua’fh_\'fr:.'.lrc:-.r.lr:.a.'pm’mfr's DS\I ,'.!‘-1‘9?3 {HESUI,:H\"J} g
.80 -60 -40 -20 300 400 500 600 -40 -30 -20 -10 0 -36 -32 -28 -24 -40 -20 0 20 b) Methylomonas methanica NCIMB 11130 (NR. 041815)
b) 00 04 08 12 00 01 02 03 00 01 02 03 00 04 08 1.2 b) 12 s 40 o 120 80 40 o 120 80 40 o0 -120 -80 40 0 Pseudoalteromonas agarfvorans DSM 14385 (A1417594)
0o 5 10 15 20 0 10 20 30 0O 10 20 30 40 0O 1 2 3 0 1 2 3 0 T T T T T [ T 0 v o T BETRTE R P PRI B T P -
0_L||| i I R B P A R TR N T T A T 1 PR T R T T N R = A v -AAA g k *ﬁr -1 g’: = % — — * ﬂrﬁ T
o N N N JTa N . v v . —_— ] ] N .
. ]l & o ce 1™ 9 ] AL 1% = E 1 wv Ja o = e E 5 v = A 3 o u . * Ll
S - o | Je o " £ 1% 2 x - : : : 39 = _ ] : 3 2 -
% 10 e O E - o 1 e o E A: § E E § E En- § 10 d+w Jd om T QO 9._ % 10 — 7 — -1 O = — * 1 ‘Q_J’ 3 Uncultured archason Haakon Mosby Mud Volcano (AJ704631)
% ®* O . . - : % : &ﬁ a‘ 2 = Ew _i E Om E*k a 2 E o = * vr » =, Incultured archaeon_ Haakon Mosby Mud Volcano (AJ579327) -
o, 41 °° E 1 e®° E &R 12 = o S 15 = = = ® g 15 = = - o A_OTU001 =
8 o ] Uncultured archason Eel River Basin (AF354136) E
20 T 20 20 Uncultured archason  Haakon Mosby Mud Volcano (AJ579330) -«
'| l T ] T T l T T T I T [ T | T I I I | i - - . - o - . e
.80 -60 -40 -20 300 400 500 600 -40 -30 -20 -10 0 -36 -32 28 -24 40 20 0 20 Uncultured archacon_deep-sea methane seeps at hikurangi (JF268418) _
C) c) 00 04 08 12 00 041 02 03 00 04 02 03 00 04 08 12 C) 120 .80 40 0 120 .80 .40 0 120 -80 .40 0 120 .80 .40 0 Uncultured archaesaon_brackish end of the Santos-Sao Vicente (AY454546) =]
[|) ? 1|0 1|E) 20 0 1|0 2ID 30 0 1|0 zlo 3|G 40 0 T 2| 3 0 1 2| 3 D | L1 I I | | L1 ; L1 I L1 | I L1 ; [ I L1 | ) [ I L ; Ll [ 0 ] 1 l_ | l- Ly o ] L I- | I ) I |- | I ) 1 |_| PRI BT Uncultured EITCIIIEHEOL]_BIEIC]{ sca L“"‘TST&[ES) E
0 :L (IDI I I — é.l - I.I - ;) = - Al-hl -ﬁ&l I . :l‘l. AL 1 Vv 12 gj T ] v;v ] /_\AA‘ E - - ] . i Uncultured archacon Hydrate Ridge (AJ578122) =
E o - 4 “a XA e — E 1V 1- 1= T E W £ 5 — . 4 - ’r 4 o n - * E (72 A_OTU0S <
S 5 — C e — e O — A ay — A ay c N o 5w 1A - O —e o = o ] ] o = ) _ _ -
—_— o - - AA ﬁ : /_{T\ o s_ — v Tdan 1 ao 3 @ o p= v . 10 [ ] ¥* 37 D o Uncultured archason Juan de Fuca Ridge (AB260055) -
-‘g_ 10 3 ] ce I 0 ] ‘A; % Il a &i g ‘g %_ 10 _:V _:& _: mO _‘-I i (g ‘g- 10 — w -] 0 = ] * E (8 Merhanosaeta concilii (M59146) . =z
% * .o e O : & 2 2 2 =- % Ev E& E m O E[ 9‘ g g = = * w 9; g Uncultured archaeon_ petroleum reservoirs of Alaska (GU179481) é ‘%
5 15 - = = - — 3 2 s . . . . 3 = o8 15 - = — 3 3 A_OTUO14 s 3
o 15 o S 15 - - — - o o o 2
© e (&) ] ] ] 2 «® Methanosaeta harundimacea BAc (AY817738) _
20 T I I I U B I T I I I , 20 ] 20 Methanaofollis tationis (AF095272) ]
-80 -60 -40 -20 300 400 500 600 -40 -30 -20 -10 0 -36 -32 -28 -24 -40 -20 0 20 Methanospirvillum hungarei (M60880) E.‘-_'_;
Methanomicrobium mobile (M59142) -E “-."-.:
d) O 5 10 1520 0 10 20 30 O 10 20 30 40 0 1 2 3 0 1 2 3 d) 0 0.0 0[4 0]8 1.2 00 01702 03 00 0;1 0]2 0.3 3: 0;4 0]8 12 d) iz 80 400 120 80 © 40 0 120 -80 -40 0 -120 -80 40 O A_OTUO1S = 3
N PR PR M I NP I B P B R PP T P S — I — 5 N o : NP PR NS PR B - E
0 B B I } I I I % ] ] S z 0 ] . ] ] : Methanoculleus taiwanensis CYWd4 (KM111599) ]
E 10 ] _E ce e © A {‘ > £ -0 g 5 _: __: . * A ‘:E; 5 _: _: E —; " ) Uncultured archason_Black Sea (AJS78130) =
2 3 o - o) Ve g ﬁ% "'_Dh z ] ] 2.. — ] ] ] ] Ll (‘_Dh Uncultured archason Hydrate Ridge (AT578120) =
- i ] _ - - ] ] w < ] ] . — ] i =
= 20 N D - e . o - A ~ o % % § 10 3 N D =N I N . D . " “ = % -'g 10 - N . D . ] N . D . E N . D- ] " anp' 2 Uncultured archason Guaymas Basin (AF419625) E
% 30 = = = A N o D = el ] 2 ] (40] = - N ] ] ] D g Uncultured archason_Santa Barbara Basin (AF354126) <
] o . o} 1 4 4 ]
g = ] : i i 8 2 15 - . ] o g 15 - ] A (o] Sulfelobus acidocaldarins (NROT4267) _ <
O 40 — = ce e o — A & o S ES . B o ® S > % ®
50 T I T T | T T 1 T T | T T I T T ] T l T | T | T T T I T T I T T I T T I T T I T T 20 20 0'05
80 -60 -40 -20 300 400 500 600 -40 -30 -20 10 0 -36 -32 -28 -24 40 -20 0 20 ¥ 4a-methylcholest-8(14)-en-3a,25-diol A C16:1w8 m Archaeol * Sum of GDGT-1 + -2 + -3 ¥ 4o-methylcholest8(14)-en-3a.25-diol A C16:1w8 m Archaeol * BP-1 OTU009 ]
= 8"Cgpq = Cr © 8"%Cpe """"5130Toc 53481’3 7 da-methylcholest-8(14)-en-3p, 25-diol C16:1w5 [] sn-2-hydroxyarchaeol  + Greanarchaeo - femetyiehoest B renSp 25 A croTws _ SrEydoyerehas i c) L[nncf:llllr:l;gldllzﬁIlllnl;::in};c}E2.1:::%??::::?31;61?2}];21cli];ﬂll: EJTS"TEJT?." Sea(AyIRIEm)
(%o VPDB) (mM) {%cVPDB) (% VPDB) (%o VCDT) Uncultured bacterium_gas hydrate sediment, Hydrate Ridge (AM229185)
Uncultured bacterium_Amsterdam Mud Volcano sediment East Mediterranean Sea (HQS538578)
. . - - - = = - - = .- - Unculmred bacterium_Mud volcano sediment, Gulf of Cadiz (FI813539)
B OTUD24
Depth profiles of gas (methane), porewater (sulphate, chloride, and Vertical profiles of selected bacterial and archaeal lipid biomarker concentrations and their isotopic
. . . . -, = P d d y ]Ttn(‘_:}u[h]-l_lzjcud bacterium_hydrocarbon polluted marine sediments (JF344696)
d ISSO IVed InOrg an I C Carbon), and bu I k e I ement (tOtaI Org an I C Carbon and CompOSItI Ons' N - D - denOteS nOt eteCte - Uncultured bacterium_sediments above gas hydrate, Hydrate Ridze (AJ535240)
Uncultured bacterium_methane seep sediment, North Sea (FM179872) g
Incultured bacten Kazs d volcano sedi . Eas Mediterranean Sea (AY592214) kN
total sulphur) scltred bacterm Kazan md ol sediment. Eastem Meditrmean S S
iacutus DSM 5651 (AJ277887) =
[3 ] - - - - rans PL12 (AB46E588)
N.D. denotes “not detected’. i abilis DM 2060 (M34407) 3
esulfosarcing 1\_‘:’_(&'{.!'{':'.'[ PFP31 (ABG10146) _g
H Desulfofaba hansenii P1 (AF21820) =
_OTUL76 =
exulfofaba gelida PSvI9 (AF(99063) =
Uncultured bacterium Mud Volcano sediment. Gulf of Cadiz (HQ405662) -,
Unculred bacterium_cold seep sediment, Japan Trench (AB189380) =)
B OTUDILL
. . H H T H Unculured bacteri Hyd Ridge (FIN549944
Temperature of the surface seafloor and methane and sulphate a) Bare organism Bacteria mat Siboglinid tubeworm Reference site
'.":'H.'__é‘l‘.l‘a'l'-l"l'E'J"I'II'FI"l'I_f..! U.'-'H-.'.'.'! .-‘- [ . ::-‘ : -
Relative abundance (%) Relative abundance (%) Relative abundance (%) Relative abundance (%) B oL anater halotolerans GSL-Acl (Y14743)
- Desulfobacula phenolica DSM 3384 (AJ237608)
- 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 Desulfobacula toluolica Tol2 (AT441316)
BO B M ST Refe rence Slte L | 1 1 1 | L | | 1 1 J l | 1 ] | | I I I I | | e ﬂ'j?‘:gill{:llfel'llﬂlv;~;1¢|'ifutn Haakon Mosby Mud Volcano sediment, Barents Sea (AJT04694)
OTUNE
o HTTTTE 2 o [ 0 “Unculmured bacterium_Nitinat Lake, Canada (EU570912) -
o L ae— oTU06s
Temperature (°C) 036 037 037 39 = > I ! i e :
(surface seafloor) S 4 - I T - - 845308 S
S ] o [ fobulbus oligarrophicus Props KUSAS305) 3
_ s (. I - S s e i e o i ot B ScsanBEon E
- - _ -il Clerium_hydrothenmal vent sediment, lAYInas 5110 S 20336) o
Methane flux (mmol cm™ y™) -0.06 -0.04 -0.01 N. D. 2 eeesseeeessssess - IEEEEEEEENNSSNSN | Pee——————e——“"1oc T e S
< ¢ E— s [HIINININGGG o ! . sulfobulbus mediterraneus S6FS1 (AF354663) 2
2\ O 10 I 3 e | Myxococeus fulvus (HQ823101) -
Sulfate flux (mmol cm™ y™) 0.0/ 0.04 0.02 N. D. 5 - E——— © [ ) WSS . | E
I | _ 0 N 02
i e ——— |, T . E— 1 B
14— [ I I ' '
Penetration sulfate depth (ca. cm) 1.5 4 7 > 40 s —— > I - EE—— B Phylogenetic tree of major OTUs of (a) Methylococcales,
o IEee—— - N, ‘B Ly - - :
Meth 4 sulohate f culated f hei rati il 17 (b) Methanomicrobia, and (c) Deltaprotepbacteria
ethane and sulphate flux calculated form their concentration profiles m Cuyarchacots = Bathyarchacoa —
. [ | 3 . ] r -
and the penetration depths (cm) of sulphate. ‘-’ denotes ‘not determined’. = MBGB_p @ Archaea_unclassified Heat map of major OTUs
b) 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 8[;! 100 0 20 40 60 80 100 oub my Bare organism ied (cmbsf) Bacterial mat field (ambsf) Siboglinid tubewon ied (mbsh) Reference field (cmbsf)
! | : I l | I ] I : l : : : : : : ) I : I 7Domainphy\um ds (ot |23 lselr s ulnlnlulululelolo]alsals]s]oslon]nlulululolt]osels el r]s]o]u]n]n]ululuslelnfoltTa]s]e]s]s[1a]s]n]n]uln]u]s
R E=— o M| o EE— o EE—— o EECCEE ICEE
— 2 ] 5 B 2 2 > I T s . o
- £ : I > I [ N 00000 T [ cy 0
= Methane and sulfate fluxes calculated by their S ¢ e + I ] DO CC CCCECECCCCEEE. CODCCDEC
) ] ] ) I S e seiEw c NN 1 | o [ il
trat dient d am th t D e EE—— || EEE———— W m—
concentration gradients variea amaong tnree SIes T e | i e | Y wen
T o I | | o L LI g ' e
. . . o o N T s I 10 D (e C T 1 b
— o NN 11 T T 11 |
O with a nhi eterogeneit S I e I | 2 EE——
' o 2 — o oeenEEE s el ==
13 [ 11 _ 12 — 13 i
14 [ 12 [ T by _]:E-_—|- — 14 R |
15 _ED[ 13 _Q -I. 16 __ |- 15 _-l | | 80T | Beceriz
16 1+ I | 17 = 1 =l L ek

= The surface of the BO site which were devoid of W Deltaproteobacteria M Bacteroidetes @ Atribacteria (JS1) Major OTUs (>5%) of Methanomicrobia, Deltaproteobacteria, and Methylococcales

B Gammaproteobacteria @ Firmicutes B Planctomycetes

even mobile taxa showed the highest methane and =_wis 5 _Chlorofex 0 Others were selected . |
sulfate flux. On the other hand. in accordance with Relative abundance of archaeal (at class level) (a) and bacterial taxa (at phylum level and class level '~ denotes that the samples were not included due to the low number of sequences.
' ’ of Proteobacteria) (b) along the core depths.

decreasing fluid fluxes, the free-living bacteria

commqnities and the siboglinid tubeworm patches MOx and AOM-related methanotrophic communities assessed based on the lipid biomarkers and 16S rRNA gene
were differently developed on the surface of MV420. sequences showed a clear down-core shift within the site and variance among the sites of MV420.

= Discriminative biogeochemical signatures of methanotrophs were shown along the chemosynthetic communities at MV420 of the Canadian Beaufort Sea.
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= Niche diversification of MOx- and AOM-related communities (Methylococcales, and ANME-2 and -3 groups, respectively) within MV system seems to be
shaped by the availability of electron acceptors in association with varying degree of methane fluxes and bioirrigation activity.
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