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Research progress on occurrence forms and microbial transformation of
mercury

LIU Yue', WANG Can', LIU Hongchang"?*", NIE Zhenyuan'?, ZHOU Yuhang' & XIA Jinlan"?
" School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China
? Key Laboratory of Biometallurgy of Ministry of Education, Central South University, Changsha 410083, China

Abstract Mercury is a highly toxic metal pollutant. The treatment and remediation of mercury pollution have
been a trending research topic in recent decades. In this study, the forms of occurrence, toxicity of mercury, and
the corresponding common analysis methods are summarized. Methyl mercury (MeHg) is among the most toxic
forms of mercury. Transformation of mercury occurs in the environment, especially mercury methylation, MeHg
demethylation, and mercury redox reactions, which are driven by microorganisms. Mercury transformation-related
microorganisms are classified into types of mercury methylation, MeHg demethylation, mercury reduction, and
mercury oxidation, according to the type of mercury transformation. The corresponding mechanisms of mercury
transformation are divided into mercury methylation based on the hgcAB gene, MeHg demethylation based on
the mer operon gene, Hg®* reduction, and intracellular catalase-mediated Hg® oxidation. It was found that the
microbial mercury conversion process was significantly affected by pH and temperature. Other related influencing
factors include the formation of mercury and concentration of free mercury, the structure and function of microbial
species/populations, mineral species, intermediates and secondary products, and the interactions between them.
Therefore, to correctly and objectively characterize the microbial transformation process of mercury, it is necessary
to comprehensively analyze the change law of the microbiome and mineralome, and the comprehensive effect of
their interaction. Finally, faced with few studies on microbial mercury transformation in extreme environments of
acid mine drainage (AMD), more research should be focused on using multi-omics methods, synchrotron radiation
spectroscopy, and density functional theory (DFT) calculations in the future to analyze and clarify the bonding
modes and conversion mechanisms of mercury intermediates and provide a basis for the prevention, treatment,
and remediation of mercury pollution in AMD.
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W7 AR B8 I o 2833 N AR, 1956 4F H A /KAR 95 A4 46 AT 58 28
ZIHA IR B 7 MeHgx AR { eI ™ 5 /6 %, 43 MeHg R A
TS RIERAE TR 2"

™ X 2R A2 SR R JBORTL #2 1¥ 8 TR A%, X X S i 1)
MK I A 5 IR B 10 EE R . TEOR V5 e R AR A T 7R
BT IR S S AR (R i PE TR L E AL T A T R < Y
T R FEASM, T Y- MEY - &R EAER,
SET IR HE— D AR EUE AL, B3 R TR IRAE T,
HETT A R MR B, FERRMER UK,k
I WG TR Bk AL U E P A R BB, DL A AL R e R A
WIAR A HURK = A2 HLIR A HE IR A ST W0iE R, #hRe e 5
BRI N KA £ 38 P i R 15 Y1 A7 2 RS AR

CRTk 3 J5 B D Pl 388 ot 2R 66 A 0 e 18 R e A Dl 23 1k R T
MeHg ™.

BT AR D LE TR A 25 T S A R 2 v i A 3 B 4E
H A7 KRR AT ) B HOR 10 5 A AR R IR AT 6 2 ey 4
R RS FURS RIS R TR A B A R SR . I,
ASCRAA AR IR R T A5 e AU R SC B e 1 JE R AT 45734
I3 BT R A S R AR S I T AE D ST L SR TR S AL A A
YIVE AL B AR OGS R R, DA R OR 5 G i Tl ia
HAME S S L B 2%

1 IMEHRAMERS

KRB R RBMNESBICRZ—, FEMNKS
PeUF SR E Tolkig e X, 1L 2= AR I ER 07 1L B K (acid
mine drainage, AMD) . J& /S Fl K& £ Beilok B HGO . 7Kt
KRG DRI RIERAE Y, S IHEEIE 5. 4, AMDAE
NE R IE Y BN BTz, R R RN T4
B A AT (FeSy R/ HABGRALH 1) 5 55 75 SUSFIK
W, TEERER S RUEM S E TR, T RO R H R E 42 )
B, WM T & & E 4 R RV X HE K KR, F ok
BA R EAC YR BT, (0] DAEE T 88 KIS
T BRI B NR, (e R R R e A
IRIRES PR T A R AFTR.

RITIZAFAET AR T, USRI, o AR 3

F1 BRTBERERRLSH A

B CaoZ NI ®AT I 8] k& TRk ik (TOF-SIMS) X
AN TR R R B2 1 R AR B ™ 0 0 A 22 RS IE HE AT R AE
BRIV R E R A KA IR A, Sk P R SR 45 B R AR
BHALK (HgS) F A N K (HgSO, , TR A
S5 ERAL 0 AT E A EAL ETE Bk, Manceau®s A H
A 220 PSR A X LR RIS 1 45 ) (HR-XANES) Je i F oA
P PR A BGR R TF s 2 A IR A, R AN K

CHg () TAF- TS B R BRI AL TR 5 3 A (e
TERER AL, AMDHER D AL BT I HG® . HgS 4k ki 11
Hg #BAE 8 LA [/ (138 42 0E N IR 455 09,

N TR IMRATIE A ML, e BRI &R
RIAT B REME 5 BT, & I8 7 08 W RO
OO AR e PO L I ) M A R e e e i
JELF WAL ' 1 2R b TR B S5 S R A L e R A
S5 B TR BT Rl DARN N2 88 00 i 2 R R AS IR B ¢
%. WangZs \FI 7R Fa e B A7 & o B 08 JE B i Hg (1) )
AR, A R T2 I Es S5 S TR RS (MC-ICP-MS) 1%
F0F R 2 R AT 20 AT, AR TR R P R AL B R T4 S SL
i, WFFE T Ho (1) 7 2 B P fr 3z 46 .

SR AE 3 7 v 00 5 TR A, 75 BN B gk AT 0
AREE. DR RS )3 e 2 T BUR T S #5405 R R 5k, 3R
ST SR P AR R R AR 2. T [R5 4 S B 2 M T v
BAEX L T RETE (XPS) FIXE LIS i (XAS) 4,
RENE AL AT AR S P e R AF LA, ANTE B0 AR gk 47 28U
R VR R TRAL B, DRI A 7R 1R Ak 2 25 AL i R B AT
Kk, Schiesaro% NI H [E 2D 45 S XPSHIXAS, i it 7
T RE AL 9K R 5 4 8 257 T2 BRI 40 K LA A2 40 11 =) 3k A
SHERET AR, R SPRBEEMRERMESM X R, R
TAGIHg A 4 9 K R T P, Lid A\ ) 25 5 S X AS
TR G G SRR AL B S5 ()R S e IR AT o, BB A+
Ferh 7Rk K 7 LA B H kR (HQ(GS), ) TR A AE, ik 2
HgSHIHG™, i i 78 i 3 B AR T H 3 i R 1 & &, R
T BE A BE K FEAR R AR B R, PRARRE 2 . R SRR R P
K AMeHgf 1 £ &%

2 MEHRRYRE L EY

T EE W AE TR I Ak 22 35 B A0 RN T B8 R i % B N 1E
FAET, AR EERIAES SR ENIE R IR H
FA, KH(I)IE JFENHG® K H Atk A Hg (1) Bk FF 346 Ky
MeHg. & ILIK R 6 A ik A= 9 n 36 2 7.

2.1 REELHEY
211 HERETEE - MEKHEEE (sulfate-reducing
bacteria, SRB) & —2K FERFEMAE. SRBET L1

Table 1 Classification of common mercury species in natural environment

VS s IR AF T gt B RIE
Classification of mercury Valence state  Mode of occurrence Toxicity Environmental sources
JtZ 7k Elemental mercury 0 Hg’ A4 8 Toxic K’<. Atmosphere
+1 Hg,Cl, FAAT# 1% Toxic T4 Mineral
) HgCl, HA &M Toxic K K4k Atmosphere and water
B Inorganic mercury +2 Hg(OH), HAHE Toxic K<, Atmosphere
HgS HAT % Toxic ¥ Mineral
. ) CH;Hg" FERR Highly toxic K. 7Kf4&. +3% Atmosphere, water, and soil
AR g a2l 2 CH;HgCH, # R Highly toxic K. 7kK{&. +3 Atmosphere, water, and soil

HR A SCHR[16]65445. This table is made according to Ref [16].
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Table 2 Typical mercury-transforming microorganisms

IREAL D BT PR 2R
Mercury-transforming microorganism Typical strains References
Desulfovibrio desulfuricans ND132 [28]
Geobacter sulfurreducens PCA [28]
Desulfovibrio desulfuricans LS [29]
; e Desulfovibrio spp. [30]
il Eh i 5 L
éfﬁf{atej?eﬁu:ting bacteria & eSUIfOV’,b”,O p /'ger (30]
Desulfovibrio giganteus [30]
Desulfovibrio termitidis [30]
Desulfobulbus propionicus 1pr3 [31]
IR F A A ) Desulfococcus multivorans 1be1 [31]
Mercury methylated microorganisms Geobacter hydrogenophilu [32]
YL . . Geobacter metallireducens GS-15 [32]
Iron-reducing bacteria e
Geobacter bemidjiensis Bem [27]
Methanoregula formicicum [33]
Methanosphaerula palustris [33]
P E g T Methanomethylovorans hollandica [33]
Methanogens Methanolobus tindarius [33]
Methanospirillum hungatei JF-1 [34]
Methylosinus trichosporium OB3b [35]
Desulfovibrio desulfuricans G200 [36]
HA 3L 2 1 2k ) Desulfovibrio desulfuricans LS [37]
F3L R Methy! trophic microorganism Desulfovibrio desulfuricans ND138 [37]
S H A A ) Methanococcus maripaludis ATCC 4300 [37]
Methylmercury demethylated Pseudodesulfovibrio hydrargyri BerOc1 [36]
microorganisms i} 5 JE R A Geobacter bemidjiensis Bem [27]
Mercury-resistant prokaryotes Pseudomonas aeruginosa [38]
Pseudomonas putida [38]
Pseudomonas plecoglossicida [39]
TR it 7K }Eigi% Geobacter sulfurrequcens PCA [40]
Mercury-reducing microorganisms Mercury-resistant prokaryotes Thermus thermophilus HB27 [41]
Stenotrophomonas sp. [42]
REURAIYNE Mercury-sensitive bacteria Acidithiobacillus ferrooxidans [43-44]
REAEY TR A Desulfovibrio desulfuricans ND132 [45-46]
Mercury-oxidizing microorganisms  Aerobe Desulfovibrio alaskensis G20 [45-46]

SR, BRI R B P iR Sk 4k R A K S5 . SRB
TFAE F2HG (0L PR PRAURL, 77 75 A M IR Y. S 3o v R A
T, P AEAT PR BT R R AR, 40 BT 0 AR I e .
SRBUABR IR BhAF T B 24k, KIB HEF IR ESR, &
Jy3FhE A, HIES R A U SRB (acetate-utilizing SRB) . 3,
1% F1 % SRB (lactate-utilizing SRB) 14 il i 7] H 4 SRB
(pyruvate-utilizing SRB) “*.. Wt £ 8, JAE 4 I SRBHE
REAE {4 7K FH 6L, JLHBRALIRE IR T I bk, BE W5 X o F Ok
TLHISRBH, BE IR FI I SRBIfit /1% #21". SRBAE fifi Atk
PR AT, R AT IR ) Y B A 48 T R — T
£ AMD 3% B2 PE PR 85 T, SRBAE I 1348 8 45 pHAE £ 37 B
5, QURAEADNSE R BREFEIR B R IHT, 724 HCO, %542
v JE B R 45 1R p HAEL . 9140, Dong s A4+ %AMDIIHs 5, F]
FAW B A AR T7 38, KT A 5 SRBAH 4SS & Wb 3L AMD, &I
BREMRRL, B4 RS T LR
21.2 $%iTEE  HIEJEHE (ron-reducing bacteria, IRB)
&P BE S R Fe (1) 1E i 2 L7 5244, 3l il G WL
HFe(IN)ik F A Fe(I)MANTE, |12 A7 75T 40 30O 1 41 1 3
Hi1 Bravo®: A F| F116S rRNAFIhgcAJE [ (1) v &l
XAk W R B WA T RE M AR M R I 2 R AT T
WEFE, 454 R R 2o g AR R 26 X 56, R B 45 38% %
A5%1) 7 FH IR AL A PR IR 2R3 SRV E T 512 1Y), B i — 2 [k
B Bk IR SR A P R T S R S A, kIR R
i Geobacter bemidjiensis Bemf{t PR %14 T MY fig L ik

JEIR, A ARAT X oK H 3 AL RN 25 B AL R AE T R L, Bk
3 J5 B AE IR B R AL 22 T &S F b AMMeH g TR Jr T /B T1R
KTTHik.
21.3 FFHEE W HE (methanogens, MA) J& T4 1%
REGH T, BE%s AR FEIE Y. HulCOEMEN R
A RS, ARG ARG IRAR, 53R e, s
g% IR R COHE Fig 2. B T SRBAIRB, #
4377 F e B B BB K SR HIEAT FR AL . R U R I MAFE A
B e R H (1) 3 A ME — ) F R (A0, {H it 25 W 7 1
RN, RILSRBWAENS AT R 24k, TR 7ER F AL 5T,
SRBIJ B Z i HUCMA P27 Hamelin At 2 9546 173
OnZEERBLAL T A W — AN E M TR b 1 A= P g
i SR ZEAT M7, A T HgO M Me®  Hg R i [A 7 2 15 /i
A, TEAEPIR XS B A AT SR AL R B R 77, LT R AL
AW AP G, ORI B TP G B A A S A A R
it R 7R R Ak 0 1
2.2 MeHgXEBEXHME

MeHg T DL i 1 A= 475 F % fig Ay Hg® FiHG® %, Hi 4k
A AL S AR AE PRI b A AR 2 2 i T Rl 2%
fitMeHg, RIIE FUE 2 34k (reductive demethylation, RD)
ARG IE 2 H 34k (oxidative demethylation, OD) . %X
Fhbs R 20, MeHg 2 AT AW mT 43 it 7R S5 A% A ) Fi
FEEFRAED. wrE KIEL T RAS T, Sl T B
PP R IBNT F K R G ——merte P T-5% J5 o8 P ke 7%

1655/
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RUPR AN T, ISRB. MAZE, 4T Xt ¢ (1 F 3 4k /2 A &AL fig
JIEA GRS, R0 7R AR AL 4 1 35 R 1E AT MeHg 2 H
FAp,

2.3 RIEBFEMEULHEY

22 5 508 SR ) S AR ) 32 R T R JE A% A (mercury-
resistant prokaryotes) Wi 4 5 77 40 i ik B AR, R
JUEARAE; RBURTIANTEE (mercury-sensitive bacteria) 11&
1% AL R BR AT i (Acidithiobacillus ferrooxidans) 251+ °7,
Bourdineaud® A M 71 3¢ e 0 {4 1l B SRAT A A o
H—BRPUR A0 B, 1240 B TR R B R, X MeHg fBUg i Xt
Ho(I) B A Bt s 30 0% b Mgk A7 A 2L AL 1, RIH AT
1E merif Y TH 5 A WK 24 Bl g i 3L [(F merB .

AR AT L) £ BN IF AR, e AT R B
2Ol T — UL HQ AN B Rk A R, I CARIE A 6 %
A FYANEAT RS R A RSO AL A R EAL LR, — i
ZLARR P TSIV A B B A5 A 5 R R R AL A
Desulfovibrio desulphuricans ND132. fitd 44, 4 B F1 [ it 44, 2
A AL RIS A A AR A R e R TR B 23 5 R IR A i
PO AT FE 25 B R R — AR L (NO) 7,

3 REVWEMEMLER

H AR — SRl A W e A5 & & B MR B AR A7, (2
To ik 52 e s R B O A R T N T R R IR R A
o, AR ZRMENES BN T RMEGE, ORGSR
B A EE R B RSN T A Y. SRR
TEFRES, B DR g4 2 ob, FCEMIR R DU JE Ak, o F
FAb DL A B SR 7 R
31 REIMAEMRE

KEWFEY, SRB. IRBHMAZ 217k H 3 AL T fE
T, 7EIX SR F B TR AR R, 4K 2 B A A S AR R
H 31k BT hgecABIE R #%. 18 3L %, hgeASE N 4niid 2%
M IR 1 T BE SR T COLIB JE B4 4k A j . B i il AR A 1)
Hi kiR AP, Hohag R Hg (1) ¥4k N CH,Hg', I J5 hgeB
35 K] 4 ) F1 2k S 3 TR 1 2R R 2R P R 0 R (1
1. T RN FEHEhgcAB, Yuans A K Fi 2k T i &
T AR 7 9, R RV . BRVL AT R I AR A R R R Ak ik
VI TEIE FFE R (hgeABE) #EAT T RSB R E IR T, 45

REW, SRBFMIRBIEERIT FRIL AR i34 XK ST b
BN R A 5 5 BRI UURR Y 7R A ARV 1 R A
F2 ML R 2 T BV OO B IR, X 5 MeHgRI
W] o3 AR M — B RAR AR TR IR B S KR ER
WU, B A HLY & 20T UL 3 SRBFAIIRB A ) 57 77 7k F
ST R A, T R R, R AR 2
MeHg “°.
3.2 MeHg#) M EIEREK
5 TR 00 Bl A 4 R A R R R )& Me Hg 9 il A 4 25 H
S, P R R A, Y T BRI R I Me Hgik B2 ~F- 1.
MeHg It 2 3 Ak, 3 258 6 fh 22 R RCE W LA Fhig 427
T A= 5 MeHgF) 25 H 3 Ak A1 I ST BA4y A RDATOD %7,
ODZMAMISRB: By 2 4k 5 X, ik (1-2) 77,
MeHg#i Sk seHg(Ih).
SO,% + CH,Hg" + 3H" 8% H,S + CO, + Hg* + 2H,0
€))
4CH Hg" + 2H,0 + 4H" -T2y 3CH, + CO, +
4Hg™ +2H, 2
RD 5 i 73 fik A= ) 56 PR 4 0 (1) 7R 3 R B A (MerA) R AL
KEEEB (MerB) A % A48k &, Wk (3-4) VPR,
MerB f#iC-Hgft 2 i 75 £Hg (1), MerA%sHg(I)ik J& 5 3% & P
Hg It46#% g ®® ™. JET-MeHgf# 2 £ 4k, Takanezawa
2 N i T % ik merBIfTHEK293 1 HelLaZi il 5, 14t MeHg
25 F 3L 72, R MerBiF 4 41 s i MeHg 2 FF 8 fh = A=
IR HG® I FE 1, 2 I MeHg b B AT 5 25 75 5 40 il P4 4 J8
FEH (MTs) flIf 40 % E A -1 (HMOK-1) mRNA & IE, Jf
i JE I T ALY L1 (SODD 2
R—CH,—Hg" + H' 85 R—CH, + Hg* 3
Hg? + NADPH + OH —*% Hg’ + H,0 + NADP"  (4)
AT W FEIN N, A 25 B b 2 HR BT 9% 1 1D R AR
WHATEL. W TR B AL G. bemidjiensis Bemlr] i H
A MeHg 2 AL IRE /), 2 WAL I AE D Bk T 30 5 o
MeHgFIHg(I)FIE ], o AE A4 JE 3 AN [H B Bt MeHg 25
BALRE RIS A, won] H S5 A e WA b 2k R AR RE R
SRS S R LKW G. bemidjiensis Bemf H % 1k 5 1
T DA 52 3 RER H 2 2, 3852 31 H 5 AR K AR 1
i FE 5 .

()
o

Hg (Il)

@
CH,-Co(lll)-HgcA % CH,Hg’

-HgcA
THE Co(lll)-Hgc

@

®

CH,-THF HgcB

Co(l)-HgcA

@ Co(l) —HgcAH %4k
Co(l) —HgcA methylation

CH,* + Co(l)-HgcA — CH,-Co(lll)-HgcA

@ Hg(ll) %4k
Hg(ll) methylation

CH,-Co(lll)-HgcA + Hg(ll) Co(lll)-HgcA + CH,Hg*

® Co(l) —HgcA F4:
Co(l) —HgcA regeneration

Co(lll)-HgcA + 2e- — Co(l)-HgcA

E1 BRFERASRFENMEDENEE () MXBREEIE (b) RIFCHK[29]F[58]545) . & (a) H1, Co-HgcA: #4liZ-HgcA; CH,-Co(lll)-
HgcA: il i CHy-THF A 35 4% 35 45 Co(1)-HgcAJ5 T2 1i: HgcA: MG, dihgeA%iidh; HgeB: 5 28miik e AR I B & 1, dihgeBiih: CH,-
THF: FIEPIEMER. K () iy X O-@ 40 B xR (a) s O-@ i) % s id 2.

Fig. 1 Mercury methylated microbial transformation pathways in the natural environment (a) and key reaction processes (b) (according
to Ref [29] and [58]). In Fig. a, Co-HgcA: Cobalamin-HgcA; CH,-CO(lll)-HgcA: Formed after CH;-THF transmits methyl to Co(l)-HgcA; HgcA:
Goldilinoid protein, encoded by hgcA; HgcB: Ferritin related to goliminoid protein, encoded by hgcB; CH;-THF: Methyl tetrahydrofolic acid. The
reaction equations (D-®) in Fig. b correspond to the key processes (- shown in figure (a), respectively.
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3.3 RHMWENEHEL]R

TR Il A ) AR A = B A P 4 it PN T e A A S
Hg k47 Ak, T3 A I S A B I 2 AT B B A S
R AT HG AL RS 11" 7. Huang s AR A 7R A0k i A o g
i FE T AL SR AL 2R AR 3%, T DA TR 2 2R 25 B Hg®
FINO, A4 A 4 BT b 2141 50 A B 0 ST A A B o T (] ) L
#HQ b WAL AN AN A T A%, IX 3 BA [ AR R B S 4
S R AE M RETE TR, AN B — B A, JF LN I HG 4
b ThREFT LAS5 20 B 1 At Th 6 AH B 52 . A [ Sk 5 PR B 2R
Xif 7R T EA LT 5. Holm&E AFIF 72 1 40 B %t Hg T 25 1 4%
1k, F:tBacillus megaterium#E48 hig % Hg ff 8 2 i i
I HAEA8 hg R4 BIMeHgE B, — A5 W T, Hg I A
KOHEREK U P A, HET NN, 7525 REAR
%1, D. desulfuricans ND132#1D. alaskensis G207 L)
SAALHG®, I HL W # 1AL HLFI JEA MR, D. desulfuricans
ND 13211 41 i 8 A BE Ak Hg s 7T g2 i T H 40 i S Hg B
PP Ml AT M A SEAL ;. TID. alaskensis G20 4 i g i fE
SEALHG®, 1R K AT A H A H g i 1) B s M s S HG Pk 2B R
b B0, Colombo%i N it AF 78 Kk B IR B 46 R R IR 11
D. desulfuricans ND132% 4k Hg®)m, AL ¥ Hg(I1) 5 44 i
WIS T REBIIL M 45 &, B~ 4 K EMeHg 7, ES TD.
desulfuricans ND13241 ffg A AL Hg RO ML, [ 7 FR L4k 2
RTHg(INTEM NS G ITERS.

MerAjE i & #iNADPH 13 F2 K Hg (1138 JFUAHG s %A
MerAK) % K merANL T 40 B R merte Y7 b, 185147
FET 422 BRI 4 1 H . MertR T 1 45 W B dE %
BT EAERE JHETFA. Fia s AR R R i g R A
PR AR IR, E2E R T EW T mert: 115K
fif Z AL, Hodr, Rk 5 AR Ot AR IS Z Ak Kl merR. merD
KA, ¥z EEHmerT. merP. merC. merE. merG4its,

7R A JE Al merAgn s, 7k 24 Bk i merB4w iy Y. Joshi%%
NV SO 7 R i 3 SR A T AL M T R L 2R AT R
B AZ & 0 B B SR ATF 70 b A B, 3004 1 Rl A o 40 3% i
B RE A &G Hg(11), [H] B E i MerA &0E JEHg (1), 158 B
o1 B 3 T A Ah 3 RE I 1 B LA R mert i TR IR T, 1T BT
RIEAT 4 A BUEAL B JEAE T . Z0F gt 20, A A
ol SRR 45 44, DAk 40 I SR TH B e I R SRR i, Bk
AR AL R, SR HmerBE T ThAE, W LA SR
15 RIR L I EDME B SR TR

4 REVWEDENE AR

PR A (1 B A ok A A O R 2 R i A A (1 3 (R A
F, PEBEE SR 2000 4. DR R M, RO 7
W 252 B pH. IR ER M, 75— 58 pHAR B 2140, R
AT A TG B R W . WOE R B S5 /) S ThRs B Fh 2k
M A RS BAE R, ) 2R BB AR W e A = AR 2R s,
AR D R BT SR A I SR R A HAE R 3 AR Sl g, %)
TR I AR e A = A 22 % B IR R
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LS
a Outer membrane

21 A )5

W EA
Regulatory protein

HizEn
Transport protein

e

smme [ Avaws [
Hg(ll) reductase R-Hg lyase

mer operon

B2 REYST RO ZHNE (@) Fimerig\F45H4 (b) (RIEICEK[71], [80-82]245) . [ (b) hmeri\FHR. D. T. P. C. G. E. AfIBX[Aif
i R M43 2] & (@) TTMerR. MerD. MerT. MerP. MerC. MerG. MerE. MerAf1MerB.

Fig. 2 Mechanism of microbial tolerance to mercury (a) and mer operon structure (b) (according to Ref [71], [80-82]). The R, D, T, P, C, G, E,
A, and B genes in the mer operon in fig. b are transcribed and translated to obtain MerR, MerD, MerT, MerP, MerC, MerG, MerE, MerA, and MerB

in Fig. a, respectively.
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