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Advances and prospects in metal(loid) transformation driven by
methanogenic archaea

HUANG Xin, LI Guanhui, LIANG Yanping, YAN Zhen"

Shandong Key Laboratory of Water Pollution Control and Resource Reuse, School of Environmental Science and

Engineering, Shandong University, Qingdao, Shandong, China

Abstract: Methanogenic archaea are pivotal drivers of carbon cycling in anoxic environments.
Growing evidence shows that they also participate in the biogeochemical cycling of metal(loid)s,
yet the underlying transformation mechanisms have not been systematically summarized. This
review integrates the latest findings to dissect how methanogenic archaea oxidize, reduce,
methylate, and demethylate representative metal(loid)s, including iron (Fe), mercury (Hg),
vanadium (V), chromium (Cr), cadmium (Cd), arsenic (As), and selenium (Se). The research
findings are summarized as follows: (1) Fe(Ill) reduction exerts bidirectional control over
methanogenesis. When extracellular Fe(Ill) reduction is not coupled to energy metabolism, it
markedly suppresses the growth and methane production of methanogenic archaea (e.g.,
Methanosarcina barkeri). Conversely, when extracellular Fe(Ill) reduction is coupled to energy
metabolism, it stimulates the physiological and metabolic activities of methanogenic archaea (e.g.,
Methanosarcina acetivorans). (2) For mercury methylation, methanogenic archaea convert Hg(II)
to methylmercury (MeHg) via a methyltransferase encoded by the hgcAB gene cluster. In some
species (e.g., Methanomassiliicoccus luminyensis), the observed methylation activity is associated
with enzymes released from lysed cells. (3) Arsenic transformation runs with diverse mechanisms.
Methanosarcina acetivorans methylates As(IIl) via the arsenic methyltransferase (ArsM) and
concurrently reduces As(V) to As(Ill) through arsenate reductase (ArsC), whereas archaeal
communities in paddy soils are capable of demethylating organic arsine. (4) Selenium
biotransformation exhibits dual effects: low concentrations of selenium nanoparticles (SeNPs)
enhance methanogenic activity and induce organoselenium synthesis, whereas high concentrations
trigger oxidative stress. Environmentally, metal (loid)s markedly affect the metabolic activity and
community structure of methanogenic archaea by altering redox potential, competing for electron
acceptors, or imposing toxic stress. This review highlights the multifunctionality of methanogenic
archaea in metal (loid) cycling and proposes that future work should combine meta-omics and
metabolomics approaches to elucidate enzyme-level mechanisms, while exploring methanogenic
archaea-based strategies for the bioremediation of metal (loid) contamination.

Keywords: methanogenic archaea; metal(loid) transformation; reduction; methylation;
demethylation
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P, et KR BE (50 pmol/L) Cd( 1) T3 i Y
Methanosarcina acetivorans fig @z iR % il % e B
(0.8 mmol/L) #™. (4 & — #& MW &
Methanosarcina acetivorans HEW M 1 5 & F
HIRAEM AR Cd(T), MmTfE—E R Bk
BRSPS

2.4 LK

PoE—MilESEITR, ARAE T K
PI+3. +4, +5 MAFTERS, R —FEEN LR
LR, — L3 +6 M 2 FhERE B XA
FELOTL BRIV 7 R 558 v 1 B R RS Bt
AR M. AR EIE N V(V)REE T
ks, 1 V(VDEER /N, BAET M pH 4%
PERARBET K 25, Cr(VDBEA N —Fh
FIEEY L, i Cr(ID 7R K h s i AR . i sh Pk
22, FNL

F 20 fHad 70 AEARLIK, 20 7k 40 1 Bl iR
[ 4N B 7% 3K U A5 BU EC B8 (Shewanella oneidensis)) X}
BUIY A= P38 T 8wl Bt S i BT, AR B
A A% Re I ok W ARGETY. OB 2015 4R
Zhang U2V % PRI IR 77 F BT T Methanosarcina
mazei F1 Vg 7= W L 1 5 Methanothermobacter
thermautotrophicus 76 &K MAEAE K KM T H
AR V(V)IIRETT, 40 J5 3 5 AR B B T4
A RS IA VIVHREE . V(V)BYAE I8 S5 Kk R
Mgl IFFEREE TS B VIV)TLERIE G [\
I, VOV)BYIRJE S T R BEry AR i, X ] RE S
T8 53 FL - DA B 2B iU % 31 1 IR ER A I
A, DEHVGE A, ZEES I T ALER ER 1Y
PR AR e A ) R0 g o UL B T e o T
RGN,

L Hy/CO, VE R EW), Methanothermobacter
thermautotrophicus it # 41 & GE 0% i8 J5L Cr( VI),
TE 0.2 mmol/L Fl1 0.4 mmol/L fiXHk B RE ik 2] 5¢
AR, TERUR S T WARESCEL 3.7%-43.6% (1)
I, 3K AT RESE T v B0 7 F ot o TR A
TR A EE AR s R
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TR EAIEAETE, IH&A — & el iy T st
Cr(I), HF A sz 3] T RS, o]
REJEH T Cr(VD) HA 4, Wwrlaek T35
L R e e R 31 1 B 7

Wil . RPN VV)RT Cr(VDIE R K
BARM AL, B R —Fh A AZ 15 GL hb T oK
SEIREE L BR LA B Tk, T W e v TR
A1 VIV R Cr( VD) 9 A= 38 [ AE B A A B S
EE DRI EEN B . WEHB, X
T H BRI AL 5 P SR IE R, B
E— B IRAFRSE -

3 FRREEAXSREWEAL

3.1

T (As) s — M IZAFAE T A AR A R 75 0T
F2 IRk E S 20, AARIES
XA TEE 2 S AT, R, As(ID)
MR FE RS PR T As(V), Ti+3 4 A HL
(R FEPEEL SR oML, +5 A BRI AR 2 76,
MEYIREE A S 2 FIE S0 1L, B3E As(V)
A As(ID)Z ] i S8 AR B B vy, DA Rt 4
(1 R AL R 25 FR Ak R AR, el e
W) HAE PR B R el o, P2 B T
FERR A Py b BR AL AFAE IR rh by i S A (T

5T FBAUE) PR e B Methanosarcina
mazei AR IR ), HX FZHEA 57 H
Bl FR A% OB R RO ARG, IR AR T
GO mFe W SRR Wl , 7 W Be TR A A7
T A iR MANTE R . E 3 2014 47,
AR KCE BN E W™ B BT T Methanosarcina
acetivorans C2A WYEEIFRAE T As(IDS-AFFH
it & R B 3L %% % [ (arsenic methyltransferase,
ArsM), IESE TR B A K TCHLEP L AL R A Bl
it (% B8 S0, Viacava SV IE AL T 4w 1 15 1
ArsM 11 7 FhRCAE Y )i LR T, R B H
e i (Methanosarcina mazei Gol  Fl
Methanosarcina acetivorans C2 A% T HAB K &
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A ) AT A 0 H AR, ik — 2Pk s
I ey R o TR A FE AL T BB S 2 T A
MOFEAT 19 FE AR, T TR S M SE A
WY 5 B A W AH DG Y FH S AL RS il . A A
T ArsM (A0SR RIB) A SRS,
PR e iy T A A PR Ak 3Rt T 00— Fh i e . Wang
S E T HAL IR R DU B R R,
o WU 2 1 e — 7 B e TR R o\ S K R R
(Methanosarcina), F F] FH % J& 19 2l & &
Methanosarcina thermophila TM-1 i — 5 55 IE ,
AR SC AT LA A Y Ak, JF B AR S
FEYITE B SR IR R AR AR A YR B R N
AT R 0 AR AR R . T,
Liang ZEBIWyEse, 7= M4 d B Methanosarcina
acetivorans C2A F] LIFIH] ArsM fifl As(D§%1k
A — H FE JH (monomethylarsine, MMA), # IK#)
AR FHMAR TR, BT D — Db AR Bl
- W L i (dimethylarsine, DMA) 1 = H %t i
(trimethylarsine, TMA). {E75 —#&H2, ZHEIBA
IR IA T Methanosarcina acetivorans C2A
AJ DU F A R £5 14 )5 i (arsenate reductase, ArsC)
14k As(V)iR Ik As(), I HARHE As(V)I)
ISR RE T HAERK AR, SR As(V)RTES
) g 2 e T AR

5 R RE RS, 7B B R R
T8 BE 0% (8 R H A 3 v i A DL 25 F L AR
Chen Z5BVE B, Ik G+ 5 4L 15 5800 i 7= H o
o RE A L DMA(TD 2 4k, BF5e R PC
PRid S FB, Bk R T H R Be R
FEA e R P L. BE, ZBIE S
SRR YI o T e 2 H L DMA(CID Y
5 Y L i o = 1 B s L ]

Methanomassiliicoccus luminyensis CZDD15

X LT 5 3% W7 B e vy R A Y AL
W R R PR R T R R, 7
e oy TR 9 S B A e AL S I R, TR] A Rl
P8 1 T ) PO 7 P e vy A () T 00 T £ e
PRALH], g PRS2 ) M Bk A s AR ER R A T

BRI o
3.2 iy

e —MiEITR, PR EYROLTE SR
JCE, WE—FERE Y, mR R A
FIHE SHMSEIAES, HRASE T, LA
4 FARIIME(=2, 0. +4, +OFAE, (G ZF
ToHL(mREL . AR EL . JuERh . ik A
PLESERR . I AR, Ko, iR
AN R A vk T B ARt fdRE T
DLSE 23 B3 Ak 45 & ok 92 3P0, A gl oK 80RE
(selenium nanoparticles, SeNPs) & (1) —Fh BB E
2O AN B AR T AT ER £ AT AT AR

e, HA KRR (Methanococcus).
FH bt I EK 1 & (Methanocaldococcus) F1 H J5é K T
J& (Methanopyrus) Al LL& B SR H, EAGE T
I Be 2k B 208 FRB R PR Rl DU AR R B
4 RZHHAE NS5 7 e R 2
DI B e vy TR TR FH G 3R T (Methanococcus
maripaludis) JJ ], 9 FhAtE A b AT 7 FpER
HESHX— e P, AR RS,
L0 SR B ¢ < B B A BGRRRRRIR , BT
AL DL B2 B 2 R r W BRI EA T AR
fF Ak KL i iRiE, W Bk R
(Methanococcus)REREFI ] 2 LSRR : VANPR
BN — 1 L6 (dimethylselenide, DMSe)®, 4K
e oH 5k B, & B B9 Methanococcus
maripaludis ¥ T REFI X 2 FOE S EGESL, &6
S Aty U R ) B A FH 3R 5 AR R R AH Y
SEAE T, ARG R AN A R I R T A AR AR B
PR EE S A RERORI R, R T A R i D)
SEATCEEA A, [ERERNE, XF
WO S A TR OB AE ), AN ET b
MRS ERZ B, S FEREER T b TR
I H B W ER B (Methanocaldococcus jannaschii) Jo
A KO Methanococcus voltae = K T 2[5
RO SR, Niess 2PV 3 Methanococcus
voltae W EF A — 1215 DMSe 2 H AL 210
B sdmAC, TEMGEZ 554 T REME 75 4 &
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AR AL, SdmA Al SdmC FiFHAS[R] ) F
BT RES 5 T DMSe %4 K W 31k,
WA A Yy 1 2 H AR Methanococcus
voltae WIEH AERKIFFRE T 75— PPl .

U, Lin P& B, YR L
Methanosarcina acetivorans C2A &z T LY
SeNPs i, WAt T HAE KM CHy ™A, 1]
BB TIRHEE Y SeNPs 1 T B i FIE IR
AR, MR T, SeNPs £/ T4 LI i,
AT TR A AN CH, A5 IEAh, %
WF 5% 0 3E 22 T SeNPs fE % #% Methanosarcina
acetivorans C2A ¥ Ay Z Fh A7 HLATG F1 T HLAT £k,
Yy, BT SeNPs AWy ml FHE; A AMEM
S, KN R TR R PR A —DMSe., —H

*1 PRI REHESREEEEEEL~Y

J 1§ 1k 4 (dimethyldiselenide, DMDSe) i1 —. Ff
LA AR (dimethylselenone, DMSeQ,), 7 1Z [ ik
HA AL SeNPs 546 1 K ML i FEaR A 1T 14
1, DXFRARNE TBE TR

LR R T, 7 o R R R
Z IR R Y R T O E R
XF SeNPs 19 A= W) % Ak B4 XU Pk . IRk B2
SeNPs A HE ™ el I A U5 Ak, 1
o B N 5] K SR A N i 3K A BN i — 2 fi

Pt i) A= Py b BR AL = A 24 S LIRS 52 i AL A
BRIHTTEOEL
ARSI BRI T LR 220 Y e vty B X ()

<5 A AT D0 B AR AR 2 1 Y

W1 .

B, B

Table 1 Transformation products of metal(loid)s by methanogenic archaea and the impact of these elements on
methane production

Organism Substrate Types of metal(loid)s Methanogenesis Main transformation products References
Methanosarcina barkeri  H,/CO, Amorphous Fe(OH)z/goethite/  Inhibition Fe(II) [26-27,

nontronite NAu-2 29,31]
Methanosarcina barkeri  Methanol Amorphous Fe(OH); Inhibition Fe(II) [26-27]
Methanosarcina barkeri  Acetate Amorphous Fe(OH); Inhibition Fe(III) [26-27]
Methanosarcina barkeri  Acetate Nontronite NAu-2 - Fe(III) [31]
Methanosarcina barkeri  Methanol Nontronite NAu-2 Inhibit initially but ~ Fe(II) [31]

enhance ultimately
Methanosarcina barkeri  Close to Amorphous Fe(OH)s/ Inhibition Fe(Il) [28,30]
natural hematite/magnetite
conditions

Methanosarcina barkeri ~ Acetate NanoFe;04 Enhancement Fe(II) [42]
Methanosarcina barkeri  H,/CO, Ferrihydrite - Fe(Il) and ZVI [43]
Methanosarcina mazei ~ Methanol Clay minerals (nontronite NAu- Inhibition Fe(II) [25]

2/mixed-layer illite-smectite

RAr-1 and ISCz-1/illite IMt-1)
Methanosarcina mazei  Acetate NanoFe;04 Enhancement Redox cycling of Fe(Il) and Fe(III) [36]
Methanosarcina mazei  Acetate Ferric citrate/ferrihydrite Enhancement Fe(Il) [38]
Methanosarcina mazei ~ Methanol Ferrihydrite Enhancement Fe(Il) [37]
Methanosarcina mazei ~ Methanol Goethite/hematite No impact Fe(III) [37]
Methanococcus voltae H,/CO, Amorphous Fe(OH); Inhibition Fe(Il) [26]
Methanospirillum H,/COy/ Amorphous Fe(OH); Inhibition - [27]
hungatei acetate
Methanothrix soehngenii Acetate Amorphous Fe(OH); Inhibition - [27]
Methanothermobacter H,/CO, Clay minerals (nontronite Inhibition Fe(1I) [32-33]
thermautotrophicus NAu-2/wyoming

montmorillonite SWy-2)/

ferrihydrite

(i#40)
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Organism Substrate Types of metal(loid)s Methanogenesis Main transformation products References
Methanothrix Acetate Ferrihydrite Inhibition Fe(III) [33]
thermoacetophila
Methanothrix H,/CO, Ferrihydrite - Fe(II) [33]
thermoacetophila (high-
density cultures)
Methanothrix Acetate and Ferrihydrite Inhibition Fe(Il) [33]
thermoacetophila (high- H,/CO,
density cultures)
Methanosarcina Methanol Ferrihydrite Little inhibition Fe(Il) [33]
thermophila and H,/CO,
Methanosarcina H,/CO, Ferrihydrite - Fe(Il) [33]
thermophila
Methanosarcina Acetate/ Ferrihydrite Inhibition Fe(III) [33]
thermophila methanol
Methanopyrus kandleri  H,/CO, Ferric citrate - Fe(II) [20]
Methanothermococcus ~ H,/CO, Ferric citrate - Fe(Il) [20]
thermolithotrophicus
Methanosarcina barkeri  Methanol Pyrite - Fe(Il) (reductive dissolution of FeS,)  [48]
Methanococcus voltae Formate Pyrite - Fe(Il) (reductive dissolution of FeS,)  [48]
Methanosarcina Acetate Ferrihydrite Enhancement Fe(Il) [39]
acetivorans
Methanospirillum Na-formate HgCl, - MeHg [55]
hungatei
Methanomethylovorans ~ Methanol Inorganic Hg - MeHg [57]
hollandica
Methanolobus tindarius ~ Methanol Inorganic Hg - MeHg [57]
Methanomassiliicoccus — — Inorganic Hg - MeHg [58]
luminyensis
Methanosarcina Methanol CdCl, No impact - [63]
acetivorans
Methanosarcina Acetate CdCl, Enhancement - [63]
acetivorans
Methanosarcina mazei ~ Methanol ~ NaVOs Inhibition V(IV) [72]
Methanosarcina mazei  Acetate NaVO, Inhibition V(IV) [72]
Methanosarcina mazei ~ H,/CO, NaVO; Inhibition V(IV) [72]
Methanothermobacter H,/CO, NaVO, Inhibition V(IV) [72]
thermautotrophicus
Methanothermobacter ~ H,/CO, K,Cr,04 Inhibition Cr(III) [73]
thermautotrophicus
Methanosarcina - Arsenite - Methylated thioarsenates [82]
thermophila
Methanosarcina Methanol As(1IT) - MMA [80,83]
acetivorans
Methanomassiliicoccus ~ Methanol DMA(III) - As(IIT) [85]
luminyensis
Methanosarcina Methanol SeNPs Concentration- Inorganic selenium and organic [91]
acetivorans dependent selenium species
promotion and
inhibition
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