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Whole-cell microbial biosensors for heavy metals: design
principles, optimization strategies, and monitoring applications
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Abstract: Heavy metal pollution has attracted increasing attention because of its toxicity,
environmental persistence, bioaccumulation, and potential contribution to antibiotic resistance. The
accurate, rapid, efficient, and sensitive detection of heavy metals in the environment is of great
significance for environmental protection and human health. A whole-cell microbial biosensor
(WCMB), integrating a biorecognition module and a signal processing module, provides a new
strategy for heavy metal monitoring. Great progress has been achieved in the transcription factor-
based WCMBs for the monitoring of heavy metals in recent years. This paper introduced the basic
composition and design principles of WCMBs, summarized the construction and application of
WCMBs for heavy metal detection that were developed in recent years, analyzed the optimization
strategies of WCMBSs by synthetic biology, and finally prospected the future research directions of
WCMBs. This paper is expected to be an important reference for the effective prevention and
control of heavy metal pollution in the environment.

Keywords: heavy metals; whole-cell microbial biosensor; design; optimization; application
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Table 1 Metal-responsive protein family
Metal-responsive ~ Family members and responders References
protein family
MerR family MerR (Hg), ZntR (Cd, Pb, Zn), ZccR (Zn, PbrR (Pb), CueR (Cu, Au), GolS (Au), HmrR (Ag), [27-30]
CoaR (Co), CadR (Cd), NimR (Ni)
Fur family Fur (Fe), Zur (Zn), Mur (Mn), Nur (Ni), PerR (Mn/Fe) [31-32]
DtxR family DtxR, IdeR, SirR (Fe), MntR (Mn, ScaR (Cd), TroR (Mn, Zn) [33-36]
NikR family NikR (Ni) [37-38]
ArsR/SmtB family CmtR, ZiaR, AztR (Zn), CzrA (Zn, Co), ArsR (As, Sb, Bi), CadC (Cd, Pb, Zn), SmtB (As, Cd), [39-44]
NmtR (Ni, Co), KmtR (Ni), BxmR (Cu, Ag, Zn, Cd)
CsoR-RenR family  CsoR (Cu), RenR (Ni.Co) [45-47]

CopY family CopY (Cu)

[48]

1.1.2 RETHAIRE

W ROCE DA NAF T 2 A,
O S S L R 2R A5 52 B R . X8
i & B AT DR 9O F OO R W s W Y
2¢O H AL $E &% (0 ¢ ' 8 H (green fluorescent
protein, GFP). & {4,%¢ . % I (yellow fluorescent
protein, YFP), ZI & %¢ ) & H (red fluorescent
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Table 2 Different types of transcription factor-based biosensors are used for heavy metal detection
Sensing Detection  Reporter Host cell Application Detection range References
element object gene (umol/L)
Transcription activator
MerR Hg* rfp Escherichia  Rapid and convenient 0.050 0-10 [60]
coli DH5a screening of total inorganic
mercury in cosmetics
I—Ig2+ rfp, Escherichia  The extremely wide linear 0.001 0-1 (Mer-RFP), [61]
amilepblue  coli DH5a. range meets the different 0.002 0-0.1250
monitoring requirements (Mer-Blue)
ZntR Zn? zntR, ribB,  Escherichia ~ Microbial fuel cell 0-400 [62]
oprF coli BL21 electrobiosensor
PbrR Pb** vio ABCDE  Escherichia  Detection of biologically 0.187 5-1.500 0 [63]
coli TOP10  available Pb*" in water
Pb** Luc Escherichia  Detection of Pb*" in 1-100 [64]
coli DH5a environmental and
biological samples
CadR cd** vio ABCDE  Escherichia  Detection of soluble Cd*"in  0.049 0-25 [65]
coli TOP10  environmental water samples
cd* rfp Multiple The importance of WCMB ~ 0.500 0 - 2.000 0 pg/mL [66]
Gram- testing in different genera of (E. coli DH5a)
negative bacteria was emphasized 0.100 0 pg/mL
bacteria (Pseudomonas aeruginosa
PAO1)
10 pg/mL (Shewanella
oneidensis MR-1)
0.250 0 pg/mL
(Enterobacter sp. NCR3)
1 ng/mL (Enterobacter sp.
LCR17)
Pb*" Luc Escherichia  For the detection of Pb?" in  0.010 0-10 [64]
coli DH5a environmental and
biological samples
CueR Au*’ rfp Cupriavidus ~ Monitoring the =>0.110 0 [67]
etallidurans ~ concentration of Au*" in
human urine
Transcription inhibitors
EcArsR AsO5*” luc Escherichia A WCMB that is highly 0.100 0-1=0.040 0
coli DH5a sensitive to arsenite has [68]
been developed
ArsR1 AsO;* gy Escherichia A WCMB that is highly 0.030 0-0.100 0 [69]
coli TOP10 sensitive to arsenite has (2.250 0-7.500 0 pg/L)
been developed =0.0100
(528)

http://journals.im.ac.cn/actamicrocn
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(&:3£2)
Sensing Detection Reporter Host cell Application Detection range References
element object gene (umol/L)
SxArsR Sb** luc Sphingobium A novel subtype of the ArsR  0.010 0-6 [70]
xenophagum  family transcription factor, ~ >0.010 0
Cl designated as SxArsR, has

been identified, which
exhibits specific

responsiveness to Sb

Combination of transcription factors

MerR, CadR Hg2+, cd** egfp, Escherichia

Detection of concurrent

0-40 (Hg>"), 0-200 (Cd*") [71]

mCherry coli TOP10 heavy metal contaminants in
the environment
CadC, CadR  Cd* egfp and Escherichia  Detection of high 20.050 0 (CadC-eGFP), [72]
mCherry coli TOP10 concentrations of 20.100 0 (CadR-mCherry)
biologically available Cd in
water
MerR, PbrR ~ Hg?', Pb?* Indigoidine Escherichia  Detection of Hg*" and Pb**  >0.008 0 [73]
biosynthetic coli TOP10 in environmental samples
module
CadR, MerR  Cd*", vioABE, Escherichia  Designed for detecting 0.004 9-40, >0.004 9 [74]

Pb*", Hg*" vioC coliTOP10  heavy metal contaminants in  (Cd*"), 0.024 4-200,
seawater >0.024 4 (Pb>"), 0.003 7-
0.468 8, >0.000 5 (Hg*""
UzcRS, UrpRS U0, gfp Caulobacter  Detection of uranium (U) in =1 [75-76]
vibrioides groundwater samples
> indicates the minimum detection limit; * indicates that the detection performance is currently the best.
X Hg® H AT S M mg 7 5 b Mer-Blue 19 557 5 PR ML 45 & PO, 7E B A o N

28 PE I B O 2—125 nmol/L, T Mer-RFP B A5
1-1 000 nmol/L (M 5 £k YEJL B, & F T AT
PB4 R M W T RO, 5 MerR 2648,
MerR R % 1 75 — 4~ W% 51 ZntR b 98 % I AE
WCMB I e . Ph ZntR 7E AR50 o4 &
B R G NEE 1 RibB 1R & oo, TR E.
coli BL21 W5 3T T 5% PzntA V& ¥% iY zntR-ribB-
oprF JENFAFIE RS, HEIAMEYRE R
it MFC 231, #4872 b i ik 2% WCMB;
% WCMB fig % 2 U A Zn™ JHAR Ml 4% B E 1Y
FEAE ML RS, SEELT Zo®fE 0-400 pmol/L
FILE PERG I (R?=0.977 7)1, HH & B THIK:
DAL T — BT i SR A 1k

EIY IR O 2 SR R F PrR 1) 4 J8 45 A 1l g
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WCMB B EEE X LL PbrR & HE NN
MITHE JoR % 2 R AW A & H VioABCDE 1k
MR IO, AE E. coli TOP10 H A4 £ A% 455 i
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() Pb*", SCER T P> AL AR AT UL A s G
I el L [EF O PR EINERU
CadR 4 J& 45 H F B A Cys77. Cysll2,

Cys119 % 3 MRESFI B LS A, X cd™ A
A R SR E R TS L CadR K HE B)
TAE MR BB, VioABCDE 1 Ay % 4 #55 B
P T AR N WCMB, %t Cd* (i mi 17 I S5 T
HAE 4R B T (4G Pb™ . Zn® fl Hg™), nIH:

Tk FE AR 2 0.049 0 umol/L M Ccd®; 4 Cd2+/352
FEIRE 25 pmol/L B}, 3 i (A HR BT W4 21| 4%
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AL T EcArsR B HASFGIRAE AR BIoe/:, LA
DGR ME N TClE, W T — R A e i
WCMB, 52 B 7 %F /K & i % e B AsOy™
(0.100 0—1 wmol/L) AR WM . UG S Ho AT PR
(Geobacter sulfurreducens) ] ArsR1 £ HAE N8
STCEIFRLG GFP A R4 45 T A4 2 i i o) i
WCMB, & IR 4 18 F 4 AsO5* K PR ik
#)0.010 0 umol/L, GFP &)GHRIE S AsO* M
7£ 0.030 0-0.100 0 pmol/L (2.250-7.500 pg/L)7l
PP S 2R A OG0T L) T %0 AfATsR 1R iR
JUf, Fiih GFP BY% 146147 A& R IT RS
I, R SO R SR T A e B WCMB X
1 mmol/L Y AsO5> i I {4 9% 't 5ik i A5 Ak ik %]
31.6%; ¥ GFP [ Metl46 I GIn263 43 5l 5 45
“} Phel46 Fl His263, JfFHLI54E Glul47-Pro148
M Gly261-Asn262 J&, KA ZEAE R YT AsO5™
M S0 114 2€ D' 588 B 78 A fie K3k #1] 44.9%*1, Chen
EUOEL T v A SxArsR 1R AR BTG F I il %
SRR T, MR T BN WCMB, 7
Sb,05 #e B4y 0.010 06 umol/L 35 il P £ BUML A7
RPESE R (R=0.99), HrBRAKZ 0.010 0 umol/L;
TESZBRI A %58 WCMB X BR 55 7K RE AU
YIRE S SbyOs ARSIt Fe B R AT I PERE.

NikR J2& 55 — g 2 F i e i 4 Wi
A AR T S I A . NIikR J2 Ni RO Y
EeSRT A, 8 S Ni ABC B iz R
(Nik ABCDE) 1y R ik > W % a:f 1 1Y Ni $86 A, 7E
2 5 20 T 40 M Y N RS & A G 4 L
NikR F ] AU RARIIE LA E TR, ARSI ARR A&
5 DNA 254 19AE 77, B Ni* B25 A HAEIZIR
B R SR8, IR0 UiE Ni* B
() 323k; VL E. coli nik 9\ T 15 8+ &

>4 actamicro@im.ac.cn, 7 010-64807516

NikR 1E A 37 7T A4 I LA eGFP {1 A 4R &5 0,
Yoon ZFERHE T —FhE 42 RN, WCMB; 7EXT
—FANEESEETANNL, cd*, As™, Hg™" .
Cu’*. Cr", Pb*" . Zo® )RS R B, HA
As™ #i 1% WCMB i i ;3 5o % NikR [ 454 73
B, BB A JE A5G b i — L3R (i His62
His79. His92 ) A e A BT As™ 455 As™
456 B NIKR IR, flH N nik #290
TJE B F IR ok, AT egfp i 5
PRI R 2 53 o
123 ETHEHEREFHNESRESAMMEMN
A R R ES RV I R L

FI AN ) i 55 PR 72145 7T LA AE B — 4% 34
JiL Pl 2 AR B e, SR 2 A EE 4 R 1Y [
BRI ; HRTC A 2T RN FHE N E
4 J& WCMBs BRI FH F SEPR A5 o i & 4 R
R (% 2)o LA MerR I CadR {2 2 7 f1) 1
o, 43 ilEHl eGFP Al mCherry % %85 2
Ik, M T A A I Hg® A Cd® i R i
WCMB; Al XS G(E 5K 0-40 pmol/L #k
JEE A He™t, 38 i 40 66 58 615 5 R T vk
<200 pmol/L {1y Cd* ", 4k, FH CadC F
CadR 1E 2w i o6 14, 43 5l % il eGFP Al
mCherry 2% )6 8 [ 1 2 15, A EE 1 55 )
WCMB BEM% /3l 11 CadC-eGFP Z 407 A 46
M CadR-mCherry £ 40 7= 4 41 (A5G ARIIMIG
% 0.050 0 pmol/L F1 0.100 0 pmol/L f) Cd*"4,
FIHT MerR 1 PorR AE R mw i oo, DAsE i)
B B AR i i oo, 4Bt ) WCMB
RE %38 1o € 5 b e A I I 2 0.008 0 pmol/L
i) Hg® FIE 2 0.008 0 umol/L f¥) Pb*>", 7F Hg*"
A Pb* e B 4 B 35 ) 0.033 0 pmol/L Al
2.080 0 pmol/L i, 1] 3 33 A IR WL 3] e 4 Bl (0
Ak, S BRI PR RS TR R 4 P T
ik, SEBLT XKEERH A= nl I He #1 Pb 1)
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K73, 435 LL CadR F1 MerR A i 37 G424
L VioABE 1 VioC V& A #e st Jo 44 i —Fogr
AL (8, WCMB, A & UK 2 4.900 0 nmol/L /Y
Cd**. 24.400 0 nmol/L Y Pb**F1 0.500 0 nmol/L
# Hg*"; Jf B 7F 0.004 9-40 umol/L ) Cd** il
0.024 4-200 pmol/L F¥) Pb> ¥ 5 Bl P WL £ 21| K
Sk {0 5E FEEHE N, 7E 0.003 7-0.468 8 pumol/L )
He™ e B S Rl RS B 8 el e b i, S 5
MRAET S XM AAS . 8 WCMB ELA7 [m] At
R PR Z R0 R # S Jm W .

XU 53 3 G0 52 4 AR N 09 0 — PP 5 5 &
RYE, W PRI W B 32 A s R 4R,
1M AT SR AR AT R TR
A3 S R L) WCMB B & 2R ()3 AL 45
W28, AR S o P 058 W iy R b g ot R R B
AN e bR TR S sk T R G Y
WCMB®, fl(U) & — P PEER 48 e, X
NP B WE R SR, AR Al BT U Y
S FHLEIH A LIRS 6 ;. Park 25758 i 2
[n] 35t % S W& Ui 6 2 A5 57 H AW AT 18 (Caulobacter
vibrioides) "1 52 UO,™ 5% Z1i% T Rk 10 )3 s 1
PurcA WIAEICIE, #8787 —FB i 5 R 50
UzeRS, LAk, MfITiR%E 5 T 55 —FF i UrpR F1
UrpS M > 25 1 A8 B /Y U i 0 XA 43 &R 48
UrpRS, i i £ 53X 2 FP Ui fE 43 25 11) UzcRS Hl
UrpRS XA/ R 48, M 18l i, WCMB, 52
PR T R EAR ZE 1 pmol/L 19 U0, BRG vEAS I
S VPA LR K S BB A s Qe R gt T
J1 T AT,

2 ETERENSF K24
OB A 0 1% RO 28 R T2 5 R A

JUE B B WCMB REGS R I Z R B s
(ELAT T e 255 08 73 B < J DA B P AL A 52 2w B
e B IR i - B0 T X S R PR b,

WCMB 75 R | R85 A e 7 i A5 4
P, DI TE O 2% o RS 4 Y IR BE W DU
SRR e Pk g, DR &R A R
YRR T3 6 KRB 1 o3 S R4 DNA J7 371 ik
TR, RS R fL WCMB 1153k
PERE; B9 ORI , AR TR i
K A0 T 5 0 1) A AR W] DA s oo
M 5IRe, R TREEL IR s TS5
N (1) 48 P 51 T D A 4 5 G ) Rk B
XTI TC 4 5 i 4 o0 A RS o e R DL SE R
WCMB Kl 45 5 1 5 R v S $E T X ss
R LR G B L, ACH B IR A9
FEHLH A FEA , T WCMB 76 SEBR R Y
PEREDLALTFRE TR AR, ARk, Ay
2R AE WCMB MERE UL Ak 5 s s ) ELAAR
FH S L35 3.
21 EARIE—HTEREFNE
SEELA

bR 7R AR 0 —PEm A, ZHCR
ORIt S5 DRl -0 ) LA T 45 AT AR S P 7
XAEE A=A N bR S8 2 &R T
BRI RE S R X T P S BRI A
T e g o 1) LA R R PP

FT ORI SR, R T R
B T AR 1 B 254, 38 2 kG ff ol DG R
FEMRERFL IO B . AT BOEHUK S, RAkE:
SEHFE BAR PR EAER, i b
Y GEF4 (1) 5 5 P01 Kim PO T ZntR
() A A 45 5 BX ZntR B9 4 B 45 & B
“CCGTAHSSVYCS” WA R S AT s AR,
Pt T 23 5%k i 4 J H A AN [ i iy B 1) A%
AN, IF RS T X Cr el P> A HE
PEFEMER) WCMB, i — 29 T2 T ZntR 14
A WCMB 7 5 4 J A 400k ) o7 Y Rl 5 1%
WFFEH R B 2 AR AR T ZntR 14 R 4540
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Table 3  Optimization of whole-cell microbial biosensors based on synthetic biology strategy

Sensing Detection Optimization Application Performance enhancement ~ References
element object strategy (umol/L)
ZntR Cr*' or Protein Cr and Pb-responsive WCMB were developed from  New selectivity for Cr* or  [90]
Pb>* engineering  the znt-manipulation subsystem for the determination ~ Pb**
of PB*" or Cr*" in environmental system
Pb** Protein The content of Pb?" in environmental samples was  0-0.010 0, <0.005 0" [58]
engineering  monitored
ArsR Pb* Protein The content of Pb*" in environmental samples was ~ Detection accuracy>95%  [91]
engineering  monitored
MerR Hg2+ Protein The content of Hg2+ in water samples was =0.020 4 [92]
engineering  monitored
Hg* Protein A new chimeric regulator WCMB was developed >0.001 0 Hg*" (MerR-Luc) [93]
Zn*" engineering by replacing the metal-binding domain of MerR >30 Zn*" (MerRZntR-Luc)
Cu** with ZntR or CueR >10 Cu*" (MerRCueR-Luc)
CadR  Cd** Protein The content of Cd*" in water samples was =0.450 0 ng/L [94]
engineering  monitored
cd* Protein The interference of Hg2+ was reduced and the 0.500 0-100, =0.079 0 [30]
engineering  response to Cd>” was enhanced
MerR  Hg* Protein The “Parabola principle” is proposed and a 0.200 0-0.250 0 [95]
engineering  visualized WCMB for Hg”" detection in natural
water is developed
Hg* Protein A super-sensitive visualized WCMB for the >0.313 Ong/L. When the [96]
engineering  detection of ultra-trace Hg”" was developed fluorescence signal is more
Promoter than 2.500 0 ng/l,*it can be
engineering observed directly
ArsR AsO;*” Promoter A high sensitivity AsO;*>” WCMB was developed,  0.100 0-4, >0.010 0 [97]
engineering  and the background reduction and signal output
improvement were realized
AsO5>” Promoter A highly sensitive and specific WCMB for AsO;*~  =0.010 0 [98]
engineering  detection in drinking water was developed
AsO;>” Promoter A functional promoter library screening method =0.040 0 [99]
engineering  was developed, and different AsO;°” responsive
elements arsR and OsmE1 were obtained, and a
novel OsmE1 biosensor was constructed
AsO5>” Promoter A highly sensitive and specific WCMB for AsOy*~  20.100 0 [100]
engineering  detection in drinking water was developed
ArsR AsO5*” Promoter A modular cascaded signal amplification method >0.100 0 ppb AsO;>" [101]
g p pp
MerR  Hg*' engineering  was developed, and a low-cost, portable and >0.010 0 ppb Hg*"
accurate AsO;>~ and Hg?" ultra-sensitive WCMB
was constructed
CadR  Cd*" Promoter A highly sensitive and specific Cd*" responsive =>0.0100 [102]
engineering WCMB was developed for the detection of Cd*" in
water
cd** Promoter A Cd** responsive WCMB with a negative >0.000 1" [103]
engineering  feedback amplifier was developed to detect Cd*

below the WHO and FAO standards with extremely
high sensitivity and specificity

> indicates a minimum detection limit; < indicates a lower detection limit; * indicates that the detection performance is currently the

best; ppb is a unit of concentration, meaning “one part per billion”. It is often used to describe the concentration of very low

concentrations of chemicals in the environment, biological samples or industrial products; Concentration (pmol/L)=Concentration
(ppb)*Molecular weight (g/mol)/1 000 000.

>4 actamicro@im.ac.cn, 7 010-64807516
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i, BET ZntR AR AR, WITERA
O A S MR R U PE B WCMB R I T AT RE .
Jeon ZEPSURAY X ZntR 4 J& 45 4 1Y A [ 407 25
(fn C115I, C115S, T117del. HI19R. C124S)i
177 MR, s T 18 A iy 4 e 2
FH R A copA M zntA , T 1) WCMB 22
BT X PP A RS PEAGI, #F 0-10 nmol/L fY
Pb™ ¥k B VI [P 2 PR AR OG AR T RR IR T
5 nmol/L, J& DLW & & v 8% 19 fie K AR 1R (E
(1.200 0-6.000 0 pmol/L). Lee %' i XF ArsR
HIBHZE 4 5 “ELCVCDLCTA” AYAS[aI7 25 1
e, WHET 23 T E 4R BA AR
M JO7 SR B ) 28 A 4R, SEBL T ArsR M As™ #
Po> BRI D RE A S 4 5 [R) IR 38 3k REBR cop4 FI
zntd FEH, WS T WCMB X Cd* I Zn k4%
PE, 43R T WCMB X P> [RiR BT, i
FFE RN S T 4 m) 17 #5: A F- pbr S0k — F
T . WCMB A4 2 (14 38 51 6 1 ) 7% G A,
W AR AL 4 8 WCMB SR 158 1) JEL s A
Tl

bR T RERRARLIAN, BFFE# A4  iE DNA
KBRS, oo i PERE T AL WCMB.
Mendoza %52 i B B iF U e GolS 14w &5
H B MerR H AR, AT T A
WCMB X 5 ¢ J Hg® TR 325 (R 14 5 umol/L),
WREE T JEA WCMB 1 =5 S A e A1, A4Sl
PR 3% ] 20.400 0 nmol/L, Ghataora 213 fifi Jf] 4%
Pl 5 6 SR M U T A 16 G R B e R
BRI 5 A I () WCMB, 3 1o 75 A 5 27 4T
B (Bacillus subtilis) TW2043 H15| A\ T E. coli 1)
MerR [F]#%, FrAa 2 A 5K i, WCMB A] A il ik
% 1 nmol/L ) Hg™"; FfiJ5 XT MerR 5 ZntR Fl
CueR HEATEH A, VoIt T HARE &R ik
PEVE IR A AR 15 25 (MerRZntR 11 MerRCueR),
454 Lux ABCDE &AM T 2 # WCMB, H

ik & /K MerRZntR WCMB A # ] % %=
0.030 0 mmol/L 1 Zn**, MerRCueR WCMB 1J
KR 2 10 umol/L 4 Cu®*, Wit HA Fr Al
SR & Jm R AL RS R AL T AT R

UeAh, aE SR BENLA AR S ) ek, T
LA e 1 5 B AR 1456 e ) i E R I R AR
A, IR TS SR F 0 285 A 5 TR T v Rl
Cai ZFPIPL CadR 1E RN K GFP R4 0
PR A4 IR Y. WCMB N JEAS, A S 4l
PCR 7£ CadR &4 X HATRIFLR A, Lt %
UG MG, AR T — R RE T &
FR) 4 T8 98 A epCadR5, Hixt Cd** A6 = 4
JE H R SR CadR #9319 WCMB #2151 6.8 fif,
KPRk %] 0.450 0 pg/L. Guo ZFPONE i FlibL %
ATREE T CadR 4R 45 A i IR Y 73 8]
i, FHE T LA CadR MWRRICHE . DL RFP R
IO B4R B ebCadR-RFP WCMB, fliAL)5 1Y
WCMB &L T He™ 1AL 7% Cd® i
N, RS A B E A 0.500 0-100 pmol/L,
KM R 4 0.079 0 pmol/L.,
22 BEIFIRE—MMUEEMNETF
5, EEREES
22,1 MUBEREFEEALSK RNA RS
A A = FY

TR H R EE R Y R 31 8 K s T
i g sfm Bt vl E s SO T
(R 95 17 5 LA s i 45 SR SRk i B, XN
$EF+ WCMB HAil R vk A e . &5
48 WCMB 1Y 35 ZR TR 40 18 i)
SBPIIERYSE, M Guo N T — &5
55 B I ZH YA Bk 38 CadR &R, DL GFP
VeI T E T — &5 WCMB, 455 % 3
1B AR B R E 7K T 1T LIE S WCMB Al 2
B “PRAT RS, IF ELRG I 2k f bR A K
fr iR IR KO- TR IARCR X EUE) Z
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[ (14 56 22 1T LI A 22 i £ (R*=0.886 7) K F/R ,
T T BRI L E I R
BIIE T 028 I PR R RS T3 MerR Kk
HA AL 48 (40 CueR . PbrR)fY) WCMB, A
MerR F AL AR M 19 WCMB B34 T —Fil
BTSRRI i PN W] 2 R 0 B 1 A Bh T
PHREAL IR R IR R K B 2 1 WCMB 11
R RAGEE ; LT UL, %HEET 5 merR
R 8 3h 7ok 634 MerR &1, #0987 T KR
KA R Hg® K I g mT A WeMB,  H:
P429-merR WCMB 3 FiL Hi %2 47 14 bt T 4 g
16 Hg® W 9 0.200 0-0.250 0 pmol/L f 52 3 i
PRLHR AT D (A5 4

Chen Z5P7 58 1k %t arsR-ParsWT 29\ F 11y
—10 PLSHAT— RN R, WET 740 H0T
GEASPRI I Y WCMB, K 1 /b 58 A8 A e
BRI R, NS 31 -10 A5
BRI T4 2 > ArsR 45 & i, ST
WCMB tEfgny i F 52 7t; Hr, FHahrFoeaak
ParsD-ABS-8 1) & 8B & R AR I 2 F 1 11 4%,
7E 0.100 0-4.000 0 pmol/L AsO5> 31 [l N & 7 i
e S /0 ) R (R*=0.992 8), A& il R £
10 nmol/L. it izt IS afina i 25 1 ArsR JE B i) 1
BEFFAE, Chen 5% LB T 45 & 8 1 ArsR (1)
DNA R R ~F 5 HE X 76 25 11 BT -DNA 45 5 Fi 5L A
et R EEAE R, DNA JEORSFIRELXS
ATLARZE ArsR 25 5 HAE DNA P804 4, JF
PRSFIRE AR TRt T LASE R ArsR 25 (5 DNA
SR TRMIIRE; AR PRSI R 1) A AR
il , R T REIER AR L, WCMB, %
AsOs™ (R FR 2 5 %) T 0.010 0 umol/L, FE A
Tt 5 T A 4 41 (World Health Organization,
WHO)XF R /K B AsOs* AU BRE R #E(0.010 mg/L
5% 0.130 0 pmol/L), AR HZKZE 4 WLt 74
JITH BeAh, Li SR —RhoHr 0 1 3h

>4 actamicro@im.ac.cn, 7 010-64807516

- 1 3 e 7 35 1 AR T DA PR A P A T 4 R
Wi N B R B, FEE T DhRe A sl SO,
IR IIARAR T AsOs> MW AN [ 2004, -l
M N, WCMB (R EE, 3X R 7 ek g i D se g
) - SCPE AT DAAT R0 i i 358 Rk B0 EE 4 i i o
T MR N B, AN R EL AN o R
AHHNA ML RHFFEE, HESE WCMB 1Y
PR S TERE T B A%

222 WITHERERE(ES AV EE K

A, BAsE S mes 0 %
Tes XFut, AT LA i R ] B T
AL IE R A S S AL A, R R R A S A
(%) Wi 7 iR R, LA I 2 v A N 1) SR R RN A A
PR, GBI A P A% SRS ARG I S R EL A T
YEIPL,

Jia ZEUO2hl T7 RNA 3R A il 56 R ook & T
CadR 7 sk F MG sh F T, Bs $ 8%
T7 RNA R A0 sh T LA ¥ s 85 FH mCherry
JUPFRy ik, I HAE mCherry J0F EHFA N T
% CadR Ml I TCHF cadO, i FHZ RIS HY
A AYER IR R, WCMB XF Cd> i 46 BR Al UG &
0.010 0 pmol/L, Jf H HA I/t 7 f%) e 17 4 55 1
UEAh, AT TR BN P 732 4 8 1 LuxR I
FE T ArsR st B+ N H R 8 FlREZ R,
[7] B 4% 5 25 11 mCherry TG 5 55—~ 5 DL )
BEAEN [ FA2 R 1 LuxR Jo/ B FREARE
7 A BB 2h TR, M T 2 Mt
PP I B, (45 4 22 1 mCherry JClF Y R4
22 B OE R, A 3% R I R A A g
WCMB (A R A A bt ko, HR
BB U R 28 P 1) WCMB 352585 17249 10 £, X
AsO> R FRAG 2 0.100 0 pmol/LI [t
Ah, AR EE DR i ot 2 i WCMB R B
YRR —FhH UL )7 . Zhang 25000 pU 35 2 fH 8
A TetR JoFE T CadR 5% 710 i, ff
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H IR i CadR J5 31 Pltetol AR5,
TR KRG T Cd> 44 F I 5055 T4
A R W A AR . WCMB X Cd™ ) R 4
JIF AR 2Bk i WCMB #2555 T 400 3%, KR
il 0.100 0 nmol/L, H.XF Cd*" (i 2 1k i 2
.

FETZEPE . KB AEA SN T,
o IR T A R A T A Y B DL R R N
SR —Fh N A 2R = WCMB R
PERY 7 ik s 38 3k a7 o %) 4 R A R BCE 3
BRI 52 X5 5 08 30K R I 2R AR 1 4 T
PR T 52 22 ) SE DR Il B T, 320K WA A 45
il 1 AT e T B RO Zha FEPO et R
IO SR IR F MerR b7 it ik, K48 T
R AR, HA 228k m4-1 X Hg® Kl
FRAEZE 0.313 0 ng/L; #RJ57E md-1 i GFP iR &
TCHE R i AL 57 AE g A X RS AR 8 T 5
—A> GFP ik, My 79806 (5 S hgom H nl
AL HY WCMB; 1 Hg” ¥ K = 2.500 0 ng/L
B, 2G5 8R T 3m A P IR 0, S
TR He A R . Wan S OUHE— 2
PR T GIRBIIA D55 BORREm , 38 18
AN ArsR SR HICIE I BCR RS AsOs 1A
M RAGE, SRIGEERL 3 SRR #Y , B
Tt GFP #fe Jo i B 7K NI & T 4%t
AsOy> Fll Hg” il it #8 2 it WCMB, 2 U 43
BIEE R T 750 £ A 200 A5, KRR 2 K &=
0.100 0 ppb #1 0.010 0 ppb. TESLBRM FHH, i
R A8 LA T SR I 2% 1 1 6 38 1 P A O s
1gifiz . HAEr, Wit Pl B s s A o2
DAL SRS, K% WCMB #B AT L) S2 il 4 )
P /RN oalll 8

3 REgE5RE

R T AR BU e SN 1 1) WCMB 1 #1558 5

4 T 15 YL ARSI 1y T e B AR A R 1 R VR T o
HFESEUPb, Hg, Cd. As FXF AR fd
FAR ISP R G0 ™ F My, DR X 3R 58 v
A EIATUER . POHE L R R A A X
TR IR RN A e A T A R . i
R AR AL B 2 T 4 R 15 Yo I FP S S5k
N T 4 R TS e B R SR AT ) SC R . A,
& B Y 2=, AT LI WCMB 4514
T REREAT s A Ak, DA T S BRI e 2
& JE 15 YW PRSI, X R R 3R i ok
HEERNE SRR RGNS EAEEE L, It
Ab, WCMB b HLA SR LR W (8 g, i
1 WCMB B2 12 3 MRS W R S, mTLASE
PR 4 B TG Y Wy B S L RS W, AR
P40 BRI Rt | R BRI S, AT
il 5B Rh A 5 Y B s TR

SR, 5 —2e b2 Al { A% (1 ICP-MS 45)
LG, RIS & B B 2 2,
EHERPES; M2 T, WCMB 7ERA F 5
s, Aty ma fre T, ik,
B T IA G A  22 R 04 Jay B A TR A
Prml g ok 2 4l A 1, H T WCMB 1
WA R RN SE B o AT AEAE R o N [ 28 R
SR PR R e B RN FRAT e o 22 S B e A AL
IEAh, WCMB A4 s T A n] 51 48 7 () A A 74
it TR, L DA S G 2 TR B 1) A A [) A
T R Pk o AR R T LA 4k e 4 v 2 T Sk TR
T WCMB 1 R A5 FRe 4, FRIK WCMB
) 1 A AR 52 2, IR Ak RS et
FRAEVE, DASZERSCmt S . kA, WCMB
(R T AT LS i J B A sk . — i,
I AR R T, AR E SR
AR AL TG SRR SR Dy — i,
BEEG B . N THEBESEHE AR AW LR, &
&)@ WCMB T LA /NIy | B4 R, nEE
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{55 07 ) BE— 20 K i o BEE AR SC B AR FIE AL
AT E D 5 5838, RS IX — TR 23 U
IR B R, R DR PRI R A i 4 11 B
pIESWALRE7N

16 TR = A

EWA: R RT | RS HIEREIE 26
VRECOE . R, SRft TR Al W

%ﬁ@&-%@:iﬁﬁﬁ%ﬁ%%ﬁﬁﬁ-
PRAVER . SCRRIGTR AT ML, X Eiik b Ay

BRI
1B A 2 RATFE WA

VR P A AEAT AR AT 8 25 52 M AR SCPr 4l
AR MATH RSN ER .

B3R
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