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Abstract Microbial transformation is the most important way to convert inorganic mercury to
methylmercury. Among them, sulfate-reducing bacteria and iron-reducing bacteria are considered to
be the primary mercury methylation microorganisms. In recent years, several studies have shown that
methanogens also play an important role in mercury methylation. Methanogens are involved in the
process of mercury methylation in a variety of environmental medias, including anaerobic sediments,
freshwater, and soils, leading to the formation of methylmercury. In addition, more than 10% of
inorganic mercury was converted to methylmercury by several methanogens in pure culture systems.
Methanogens are crucial to the production of methylmercury. However, there is a lack of systematic

summary of mercury methylation in methanogens. In this paper, the role of methanogens in mercury
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methylation was summarized from the perspectives of in sifu environment, laboratory pure culture,
and co-culture systems. Based on this summary, the possible mercury methylation pathways of
methanogens and future research directions were proposed and discussed. It was suggested that the
mercury methylation process may be functionally related to one-carbon metabolism.

Keywords methanogens, methylation, methylmercury, metabolic pathways.
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5 R R I D TR R D TR R 2 2 g A OR YRS 0 (3) BEAR A AT B, hged B IR FIOR
F AL i A 10 Bl B B RS R T 7 e v, 7 PR e BT ] B i A7 ok WY SR AL RO 2R Y,
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1 FEHREER H ZEL P a9/E A (The role of methanogens in mercury methylation)
1.1 7= W e B A S B8 v 8 23 A A E

AR, 77 B BE TR i H 6 AR ) B 32 BTk 5 R T AT 2 . Bl hgeAB & [N %) & S A 3L [A]
Y2 R AL 2R A D TR I e R 0 2N e TR I R Y SRRV E AR DR | AKAAORD - 4855 Z R IR S v
BRI (F 1), FE3R 53 H X AT 1T AR A R L A AE B, 7= B e 1 2 5 R R R A AR .

PR AT RR ) 3 i 49 DA Sy 2 T TR 30 i O R K 3 D TR o R Ak 1 2 B3 0 39, i e 0 AR R W
7 BB AE Z AN . A A DU A R A R i i s AR 0 2L i | SRR
SR A R DA TR R A B L 7 TR R PR 2R AR L T R A A R B A B b, A R H EOR A A
L 16S rRNA PR P A SE I 9t B PCR 457 2%, Aol 21 PR DU vh i = H e o =28 )8 T H b
T 20 (Methanomicrobia) . Tr f= B B2 £5 2 5 1 2& M5 < 4G (San Jacinto River) B I JTERY) b, 7 F ¢
PN 2-0 ZLe s R 64 (BES) JLF- 58 4 il 1 HY oK (19 A B, A4S T AN in BES, FHRSR R BE /D 1
12 AR50 [a] B Az 280 7 HH e TR FR o 2 B TSR BSR4 1) S B R P ——micrd T hged, For 0977 B e 7 32
ZE T W bt \ZER R (Methanosarcinaceae) ", T8 XTG4 2R I DUAR Y B9 /0 by, 7= HE e v 09 2
JE e HoAth ok WAL A W 2 —5 4%, W B &2 T Bl ( Methanosaetaceae) . W it J\ & 3K & B
(Methanosarcinaceae) FIl ! e BR & Bl ( Methanococcaceae) J& i M L LA W) Hh 2 B2 19 7= H Bog T 1), 7 32 5
L[ (Saint Maurice River) FlEi HLAG AT DT, 7= B GE i b i B Be 26 18 & (Methanolinea) . W
Y M2 TR J& (Methanospirillum) . B 3£ ER 1 J& (Methanomassiliicoccus ) 1 Methanoregula % 7k W HeAk B A5 —
SE B TTER 20 53 46, 7R 2 g 1 DURR Y vh A 2] B 38 3K TR & ( Methanomassiliicoccus) . W BE B8R T J&
(Methanospirillum) . H M 1 J& (Methanolobus ) F1H B il i J& (Methanofollis ) 35 1 hgeA PRI,
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Mercury methylation-related methanogens in situ habitat
SR EREE 7 15, 7= H SCHik
In situ habitat Site Methanogen Reference
W PR Y) ZMGEFEI (£ E) H e N\ B BRI FFMethanosarcinaceae [10]
F b B2 1 Bl Methanosaetaceae
TR RIS AR (SE ) e )\ ZBR Bl Methanosarcinaceae [13]
FBEBR R Methanococcaceae
IR SRR g k) — [22]
FH b4 1 )| Methanolinea
RERTRITA BB OmE&R) Methanoregula* [23]
[ — FH e85 )& Methanospirillum
e T FERR B Meth lii
NEDIRLY) L L5342 BK R )i Methanomassiliicoccus [24]
Methanoregula*
TLFRBRE J8 Methanomassiliicoccus
F e 2 B8 )& Methanospirillum
H B B8 )& Methanolobus
TR AR R B I A J5E 10 1 I8 Methanofollis [18]
FF e i 1 J& Methanocella
F b ki I8 )& Methanocorpusculum
Methanoregula*
- FEAT B B Methanobacteriales
s e > e
7K§E§%E£E% IS HNT g Ak) 53R H Methanococcales [11]
e \BERTE H Methanosarcinales
PN BRI H R, o () — [14]
WEK IR AT AR L3R BR T J& Methanomassiliicoccus [25]
K L4 F Be i S Methanomicrobia [26]
FHGE SR TR S Methanospirillum
Methanosphaerula*
Methanoregula*
YRR JE Methanomassiliicoccus
T J7 A X, 8 X RUEE X H et )@ Methanolobus [12, 15,
() R e 1L B SR Methanofollis 27]
R ek B J Methanocorpusculum
F BE i 1 )& Methanocella
HHIEBR T 2 Methanococci
FH BEAT B A Methanobacteria
- Methanoregula*
NToY 2 STTLAY
T L4 g ﬁ*,f) J“jttfi;}?zgg?ﬂ H BEAE DA I Methanocella [28]
' P e W2 B J& Methanospirillum
Methanoregulaceae*
; § T FEER BBl Methanomassiliicoccaceae
g IH Ik s J
5 VescH b E’]“)'EHE = FBERT I B Methanobacteriaceae [29]
(i ) o "
ethanoregulaceae
Methanotrichaceae*
[ - P e il 1 )8 Methanoregula
ST 1y Rl 5% 2 AN
R AR ES AT P Methanolobus [30]
(ER)
Methanoregula*
; - o e \BER T H Methanosarcinales
N 4 gy {3
B HRAILH PIRAKI ] Thermoplasmatota [31]
[N e ) TH J& Meth, 1l
BiA A & G e ) TR )& Methanocella 2]
Methanoregula*
FBEnT 15 )& Methanolobus
TRAGR L TR LI (GG ) Methanoregula* [18]
L FEIR 1A J& Methanomassiliicoccus
. ARG (GE ) | Bl
Pt FAThr SN (G | 3 B 33— 35]

oFAE

TE: ooy B BHRE BT S04 s “—Fom B A IRZ IR b ™ I Be i 9 B AR,
Note: “*” indicates that some orders, families, and genera do not have Chinese translated names; “—” indicates that the specific species of
methanogens in the environment is not detected.

FREL T DURRYY, 03« 9030 A9 5 A5 K A v ) PR R BT 25 5 ) 0 3 Bl 8 RO, I i 2 )
HEANWTE AR L OHOR. WFFERI, 7 F e B 7K AR SR DR A P b 5 TR R A9 A Y, RTG53
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FR AR g 7K e 260 v g SR HE e Ak ik A% . 7E 26 57 18 13T (Saint. Lawrence River) (147K A5 J&] AE ) A 4)
Sk R R ARE . AR FIA 16S rRNA &K FAHSS A 09777, & B H e ok H Ak i
T A ) T STER A . FE AR 0P F e B AR ) BES AUTE R, B3R OR 19 A 58 A 0l 1 AE S AR
2 3 DA 0] CER R 8 ) B, SR HY BRAL AR AN I FEAIG, S mi g T 1 45 %, 7 e IR 7E RN A 9
HEVR B9 o5 EEN 21.2% N2 33.3%. A 477 B e B L 4% FHBEAT B8 H (Methanobacteriales) . W e BR T
H (Methanococcales ) 1 W 45t )\ B B H (Methanosarcinales )™ . 15X} & & AL AKAKR B FE A, 7= W 42
() hgeA B& PR 3= B w8 B IR h 140 T P, 988 25 ML 0T (%) i A S8 3 40 a2 7 PR o 71 1035 PR D ged SRR 23,
7 HGE TR T B T B0 R AR 3SR 16 I Ay R PR, R R R R A M DX TR K T, B FEER TR
J& (Methanomassiliicoccus ) F1F BE TR 49 ( Methanomicrobia) 1 7™ H 56 11 435l 2 5 B3 A= MoKk H B4k
*EEEF‘[ZS*26]‘

R R ASCR UL U Y3 3 i =B 0T . 6 FH gt 127728390 g e by 1200 Y48 s 4= 30031 D
TRV A U827V SRR e, e B TG R R Y A LR — o 1 STk, ER A X, 7 T B TR Y
hgeAB F&H 3 B 0 355 T HA R W 340 2B 9. A - SRR Dy R0 () 221 oK BRI AR S R R, 7
ACRZET, Gf A YIIHAE T i U, W TCHOR AR A T R AP PR SR, & B 0 X ix
(R 384 A 32 5K 1 e 1 LR+ 98l )y RS AR TR T 1L DX RGBT X BT 8 R g,
HUBETR B hgeAB KEIR F B (57% ) .35 8 T R #h 8 J5L TR (<3% ) FIERIE I 7AT (34%) U TR~ 47 X B T
(AR g, P PR Y B ROk L TR 1YV FE B ARG R R e e £ R T
FH et 29 ( Methanomicrobia) . W e BRI #M (Methanococci) . W BeFT 7 20 ( Methanobacteria) R AA 4R
(Thermoplasmata)"™ ">, { A Fy - e R F K TR A X3, ok B SEAL U E P34t T IR A K
T ] o3 A BILJBT . A % i SHL T b S ML 7R 90 e s RN R AUE 5 v, 7 B BE B ) merd N hged FEIR 5 H St
oK B AR B S 3 T AR DG, Hrh % 7 W TR LA HY e\ & 3K TR B ( Methanosarcinales) . WBEAT TR
(Methanobacteriaceae) . “yFEEREFF( Methanomassiliicoccaceae) Fl Methanoregulaceae®™ ", 53 4, 161 ik
e i T FLRT R BTz T P A5 b DX K AR e, F SR 0 A BOFN P FRBE TR Y hgeAB FEPR R RE L
ot 0 A AT s 27330,

1.2 S2i g i3 vh iy ok B Ak A Be i

7 e TR J T R AT, AR K G 18, o AR L BUR, R I Dy o Y G TR TR AR O D L A AR T
-350 mV B A GEIE B AP Rl 7 FGe i HRERI RN . L RRAN . Hy. CO,. FHEE . AT A
it S5 87 SR A ) BT A T RE R AT 3K S A A R A BRI T 7 F Be T 2855 5 2R F T 1R ok H AR T

B OG0 B OBE B 205G SRR R R B OR B AR 58 AT LGB B #) 20 fiE 4D 60 AR AR, 7 H G T
Methanobacterium bryantii 1 H, Fll CO, FJIR-E S EF 35, FoA0 M $2 U RE w8 P b i He® s Ak Sy H 2k
IR SLG BRI SR, 5Ok B SY I A AE M. bryantii H K I B 535 A= ) ok W3 AR ) O B TR —
hgeAB JEP . H AT, 38 48 5 BRI e A 50 6 B 25 5k, 7R 18 Bk I BE Ia h & B hged B 1A (1) [m] 57
A, Horfr 8 BRTA B UE DT RENS TCAILR e Ak ok FH SR S BT 428 | B3R 4 1R P AR A8 ik 2 B
7~ . B& Methanomassiliicoccus luminyensis B10 J& T #% IR /K 40 ( Thermoplasmata) B ™ 3% Bk 7 H
(Methanomassiliicoccales) A1, Fogx 7 ¥k B 540 7™ B Bt 11 34 J& T H e S8 29 ( Methanomicrobia) , 'EAT]
A AE e H (4 8%) . BE /NS ERTE B (2 80O AT e i b B (1 4% . S 38BR 1 H 19 Methanomassi-
liicoccus luminyensis B10 F1H bt /\ & BRI H ) Methanolobus tindarius . Methanomethylovorans hollandica
Shy A SRR 7 e B 0 80, R P R E L Y . PP A R PR ek S5 A TR R B T R e AT
FTE B M B E Y 5 RN A0S F2 07 B S, DL CO,. Hy, 5 F AR UEAT RE BRI 8 BRBLIESZ oK F 5
AL = HGE R R, 78 4 BRI 9K A RCR T 10%0 1. i H 18 Methanospirillum hungatei JE-1 2
S MNTEAERE IR AT IR S 1 7 Y EAL ™ FR e i 7, (] iof s 2 TP B AR B BH(Methanospirillaceae) i
B3 B TN 5 4 e e PR 20 1) 7 R e T Y, ey R 64.2% 1 Hg e Ak oy Y B OR U,

7 FF o TR X AR A T L A7 S SR 72, 3 T ARG R AR R A S A 1 T ik 2 —. Bk
WEHE = CRREK (Ti-NTA) F e R AR Ay ok WY AT A Wy 5 R B v 3 by UL % 38 T 741, % ok PR
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P R AT B BN LA 0T o T R A A i S IR o JEE 2 o, v e FEE U A AR AR Ak
AT AR AL R BC G W) (HgS o)) BT I, HES® (o) 15 B 51132 i Y 55 15 % 32k 3o g v B2 ) Wl i, — 5
REJE AR T A W ok WP R AR Y. A o ok B B BRI TR, S5 Hg B A B AR O T IR B9 HgS TTE
(HgS(s)), BAR T Hg i A=yl A HIE, DTl 1 GAE ok W AR B2 >0 AHEE T NayS, AL =
LTREK (Ti-NTA) BE A 7= H b i A9 55 77, Methanospirillum hungatei JF-1 7€ Ti-NTA 59 H Fe AL 30K &
Na,S 1 15 507 2 B R AN AL Ry 7 F 58 T 1 A A A At o S P i a0, A2 R G E 2R 4G, T LR S
He* JE AL &4, $2 e A W i FP B AR 2003,

R2 LA OR P A H G

Table 2 Mercury methylators of methanogens in laboratory pure cultures

FHBEAL R/ %
ot E] e 3 g2,
WP @ N il G5 W Rw TP o i
Methanogenic
Strain Class  Order Family Number Temperature Substrate ath i efficiency Reference
PAIWAY " (MeHg/THg)
, y H,+COy/H
Methanofollis FERL FR et Je TR DSM by T A
e e St ol BRI R, ARE, CONLJRE —
liminatans GKzPz B4 EiH FBet Rt 4140 40 @a%ﬁ; WIS 0.19—2.25 [16, 55]
. » H,+COy/H!
B o A
Methanocorpusculum WEEB W pggry DM g i comER 024 [16,56)
bavaricum =4 EH 4179 T
M. iri Heih Wi . DSM H,+CO,/ —
iy R TR SO S0y TR COMBIER 43.00—6420 (16,50
Methanosphaerula  WEERH HEERL « DSM H,+COy/ T
= o L. CcO ]ﬁﬁ R 4/4 .
palustris E1-9¢ w4l WA Methanoregulaceae 19958 30 i b) e 15.00 [16,57]
Methanolobus FRYGE L EF!}:)’—%/'\ s DSM i B S-S
e e IR B \EBKER 37 R, FR . 0.32—22.10  [9, 16, 47]
tindarius ] H 2278 1=
Methanomethylovorans i Zg% g A\ B ER R DSM 3437 }Eﬁi\j;‘i T A 103—3.00 9. 16. 48
hollandica [ EE VR 15978 i, HIAE 7= Rt [9, 16, 48]
Tt
Methanocella Bl e DSM H,+CO,/ e
oG . O/ coEmiat s
paludicola SANAE 4 ] Methanocellaceae 17711 37 i 2 WA 8.63 [16, 58]
Methanomassiliicoccus FER ThTEBR s DSM - FILE SRR
e IFEERTEF P E/H. j _
luminyensis B10 ® A IR R 25720 37 2 % 1.01—53.40 [16, 18, 46]

e ABRBRE T St )i w1 o RoR B o S04
Note: All the eight strains belong to the Euryarchaeota of Archaea; “*” indicates that some families do not have Chinese translated names.
1.3 PG H A A P 9 e % S

TERAE LG, 2R 2 G B 3 ARy, DRARIAEE i i ok FH B Ab 72 P 2 P 2k A AR
FH L L [RIBR B2 AR A B — Sl TR A 5 5%, 22 DA 0 LB SR 1R 2R BB T A AT A0L S PR PR rh A9 5R Ak
T, HE— RS IE W AE EAE X R H AR 1) 5

TEBR IR T AN B 1 S BRI DA b, 7 B b T 5 LA A= ) 22 ) 9 A B4 AT e F R
1) 2R UR. WFE R, 76 B A B R AR AEAE W L3R SR AR &R b, SR B AL W S TR Methanospirillum
hungatei JF-1 & 1% ' 3% (& YE B R £ 18 5L & Desulfovibrio africanus Fl Desulfovibrio desulfuricans ND132
B 7R B Ak, M TR — 4l B IR R, R AL ROCRIE & T 2—9 £55). Methanospirillum hungatei JF-1
TE5 HE W Syntrophobacter wolinii 23555 Wil vy, S HIEALRCRAE T T 2 A5 i 4b, ARk P 54k
H e 8 Methanococcus maripaludis [F)FE BE W8 {2 #F B J 5k i A4 B UY. ZEFLIR -BRFRER B FR IR R vpr, Bl 8%
F% M. maripaludis 1 D. desulfuricans LS ¥ 4 WL %< £ Bt (1 5k HH JE AL B0 %2 . i 7E L R 155 24k &R
2.6% R TCAIL AR e Ak Ry TR SR 0, 3 i e B A oR Y Ak i Ak 0 Tm A A A BRI v & 454 .

IEFRAR R, 77 HGE TR 5 AR W 2 (0] )32 (4 ) Joa A8 4 R e o A% 326 T B2 oK HY AR AR 3
B SRR 0L S R R AR IR IR PR . HUE TR S o IR R RN IR . T IR AR AR AL R . F R AN
H,. 1M e i RE % R T SR . TR A Hy EA7 AR, RIS PR RS RE 5 0077 A2, G R AR i T B i
AR AR,
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2 FEHREE T BRI R FF 21L& 42 (Possible mercury—methylation pathways of methanogens)

77 B e e ok P A A v R PR A T, R OC T 7 Y B i oK F B4R T A AL il A 7F 5 ik
R Rk E XU H L8 1] B8 fi il & 10 ok Y BEAG A= 17, 77 TR e 1 o R A i A i) 0F 5 00 1 21
fiff SR 0 i FP LA AL o AR /0 BRI v BB SR 1 A i B AT o 0 SC. LIRS R B, 7 Y e T R )
P8y P Al e 2 E DA i PR R AL 48 4 PP ), PR Al fe 2l J80 A 2 0 i R AR AL F 5 v ) S B e
BT LR R BIFFE AN F e T ) AR A, AR SO0 7 B 58 1 v il R 1 oKk HY B AL i AR A T e
2.1 LB A BT

LA A SRARIE ) AFAE Tty B R S A T vy e A A A %, o ™ e T — Ak A8
(7 2z — 100 7= e T A AR i ik BRI A IR AR CO, bl LR ERCN B 22 A L&Y,
IS RO S A i B O G O T ) oY TR AR L AN IR 1 BT, CO, BT 5 U S
M2 (THF) 4545, 16— ZR 58 Il 10 A0 VR FH R e 4y gt e 3R, WAL iR R 5 CO TE SR T A
B (ACS) AR T B B £ I A Al ALY,

KCH =THF «— CHO-THF ﬂ
o

CH,=THF ( w THF
0
O CH
HZN\)K HO/ ZW/“\OH
OH NH,

0 D
CHy__C.
o —
\ 0 CH;-Co(Il)-HgcAr
CH5-THF \

HCOOH =—— CO,

CO,
l ves HoZ™
o CH;-CoFeSP o+ He
Co( I )-HgcA
.'-...> CHg-Hng
2e”
H;-CO- H — CH;-CO-S-CoA HgeB,y /
CH3-CO-COO! 3 ’o geBoy Co(Il)-HgeA
HgeB
CH,-COOH L

B 1 ZBERE A s roR H L
CRAM AR FGE R R H AT RERO A7 4, 216378 HRESR AR T BRI, K (27 [ i B (¥l FDH: HY R B SUME, FTS: HY
Tt DU UM BR 75 WA, FTC: Y Bt DU S0 FRER/K i, MTD: ME. P B DU S0H TR S0A, MITR: I Y DU S0 R A i, SHMIT: 22 2R e Y Ak
AW, ACS: LB A 4 KM, CODH: —4% {Lik i S, PDH: PN ERI i S )
Fig.1 Mercury methylation via the acetyl-CoA pathway
(The possible mercury methylation site by methanogens is highlighted in black bold. The possible sources of carbon on MeHg are shown in red
texts and enzymes are shown in gray texts. FDH: formate dehydrogenase, FTS: formyltetrahydrofolate synthetase, FTC: formyltetrahydrofolate
cyclohydrolase, MTD: methylenetetrahydrofolate dehydrogenase, MTR: methylenetetrahydrofolate reductase, SHMT: serine
hydroxymethyltransferase, ACS: acetyl-CoA synthase, CODH: carbon monoxide dehydrogenase, PDH: pyruvate dehydrogenase)

LR A BRI 2 R R B B ARR. RER B I RM, - B2 & Rl
LTS A S4B AR 1A% oKk TR AR T A W, I R 3 D TR R Ak T e Y A R A 1 R
R T 7= F e s U, S R B e TR T BB IR ST R H BTG A SRR EA T G R FE S ek s o8,
{0 B ATIF A B R e R o O IR A R AR TR IR R GE . B 5T A S A C R R AR
WY 7, & PR IR £ 38 JRL 8 Desulfovibrio desulfuricans LS i i Z BR 5 B A i 42 #8177k H JE L7
2013 4%, Sk JE AL GBI N ——hgeA B SEDI9E & 30, [RIBHIN A hged FE DR 4 ith ) 40 o B 0 FE L DU &R
TR L R R EE AL 25 0. 357 FH B o 4 SOy v HH R0 i 3R e ok FH AR AR ™ LA hgeAB
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Fig.2 Mercury methylation via the methionine cycle
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