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Abstract: Microorganisms play the vital role in the treatment of heavy metals pollution. In this paper, the mecha-
nism of microbial tolerance to heavy metals is systematically described from the aspects of biosorption, biotransfor-

mation and efflux, and its development trend is prospected, which is helpful to promote the application process of mi-

croorganisms in heavy metal remediation.

Key words: Heavy metal; Biosorption; Biotransformation; Exocytosis

G 79 G H AT O A BRI g R 2
— o ME S BE 2016 4F 5 J B0 & 9 € F 33875 YL B ify
A3 sl vt-4a) ) nl i, dn e A 288 36 B < Jm T e 2 IR
w2 TAEZ — . RSB A5 kA
FFES s g R R, A W B S AT Gl
iR IEREOR o BUEWARBUN R ER,
HBHH L, 1& )V RE 58 By B R, — e KR Ab TR
<5 Ja Joik 30 B Gl A 0 X L < S Tl — 2 9 T
FHTE | BEE I 2 < J 0 AR M AR KA 3 3 o Bl
& WA R VUM RUE Y Bl B, — LE PR N
AR R R A B v B A I, O R W B 1R T
e it 7B BRI ERUEY S E A R A
HAFHIMUR B S 2%, HLAS R B 28 5 A W 0 o 6
it 52 e B AT BT DS o LR A A B S O A

Y78 B #3 : 2020-02-26

EEWB WM A BT H (2018RS3086) ; P4 i H I6 X H SRR
2 B 43 [XZ2019ZRG-T9(Z)]; W 7 48 K24 HEWF G812 )
FEHT P S 560 R 5 H (SCX1832)

EE® N2 12(1995-) , Lo, el -+ WhoE y ml AR ke 5
Y

BWEE:H =, 5, M4, 4%, E-mail: tianyun79616@163.com

AN A W ) B e 9 TR A2 BIL R R B = AT
T+ — A A= 0 W2 A 5 3k 400 L 2 T 1 R 1T 2
ShEYE R EER SRR TRAERSN;
N, AN B E G R g s A
PRI BB A AL I A AT AT 2, B T 35
PEEE 2 I0RE ; = AR, 4w B Tl ad A
BB HE B Ah o AR SO B3R = AN T7 2834 1
A= Wyt 52 F 45 g BOAL R LSRR ST ST 1, 4
J& 15 3B 6 AR Y8 52 4 i BEE SRl

1 AR M

1.1 B 3R R

% 18 W% B2 A TR A W A B A T R
L 2 A 2 7 SO R TUE R AR R T . AR
BEAE NS — 1B B ba, B 005 G R B T,
MW G EEMRERMNZESBIES . HENA
BEZ B A LT 5 9 22 T BH P e 40 B 2 ik
5ROV R WA B O L A5 A =2 R B P R A M BE = B AT
TEZ Pl BEE A IR 2 AT . AW 4n i K
A F AT B R RE ML AR A B R AL O AL S LAY
TSNP S RE T, P A



13 B RAF U A2 4w B AR RIBIL 137

LB IO QB S . B ARMIR LAk
T A A A B O b T LR R R R AL 3
HIJE IO 2548 JOE 87224k, 25 R R I ZLIR I
Z 5 00 RE AT AR R DR IR | e
DA R J e 5 R B ATL o 6 465 2055 B IE ) B o 45
T AT A B R R B 4 T R RS O AR Ak
Guibal 55 & I 1 5 TR AR 125 il 10k 25 WA B 7 2
IR I, 2 B B ik B, L T 00 R B O FL AT, DT
0T 22 A AR IR AR 5 VBTG 25 145 5 B 40 U BE |

IR v i o 4 S A A e T Y FH S S 4
B AL A A Bl B S A Y O R AR R B AC
e, 78X A b A b, — AT RS ) #) At BH B 1Y
R . AnH e X 5 2k B B B G 23 A A e 53 il
25 Pb , Cu* Hl Cd™ Ak 3 2 Ji5 200 JiL BE 14 1 53, & 0
T2 3B R U T O, B 4 I S I T
5 B - 2 W ol AR B Ah B 5 ds T 1k X
GG 73 B 125 00 7 28 A Ak BT S 1 28 FFT TR 1)
JCER A5, A B S BT A Al Wl g T BE
BRI S Y AR, i — 2D RS T 4 )R Rl LA i
[ R TR TR RS i
1.2 RESMTE

A W A B A A R AR R b, S B0 I B
2 22 A R s o K AR, X AR
AHLER EA 20 BB SE R FIRGA
%, He i A8 £ B (exopolysaccharide , EPS ) & 1 A
Yy i S5 S RS R 1Y o EPS A AT HLES (1
B RE BRI AE Bk K AL G W B E  AT SR A ) A
G I g el S s 2 i S Tl 1
HE Z A7, EPS W b 5 4w 0 Ji P52 AR 4
A2 3 5 4 J I8 U5 DR A B 00 52 1 Y — AN
PRI, T T B M R FE R S AR T G
G5 ST 1A W A o 107 i S - B R T B
Y L AN , T 53 1 L A 22 0 T R A 1 i e A
PRSIk 5 mM™ 75 4 8 W0 B, 20 TR DY 1Y) 2R
FE T R EPS 1Y 7™ & 1 3 4w , HLBE A A7 T
N I] S T G 22, R Y G R A 2 R
EPS M35 35 W rh oy B4R B2 5, 40 T 3R T Y T 4
JE R B DY, XA R EPS A E N 4
& B W R R T

2 AHEK

2.1 HMRITE
AN ESRE FEF R EER

WECEEM TP SHMRB S S EMEASES ST

)ﬁ‘]ﬂﬁo

BEFR AR 25 A5 A= W i A K T A O TE
Z R A YT e B s EEAEAT . MR A
IR — ok T T 2 v VA R 1) VB R A AT T, AR AL
FHLES B R X 9 T 52 PR A 7 A R DG B 800 5 2
R T v N TR R VAR R ) 2 T A R A
HIN, W TR R AE — R EE b ORI AN R RS2 4R
R AN, AR AN 2 R R K
fift, I LAY 4 Jm - W R £h B G W) W R O AN
Alvarez 5" & Bl — B X B 4 )8 HA m PR A 4L
VR A A T T R A B R R AL BT
I 22 W IR A6 & PR T B, BE R RN 2 0T H
TE W PR 3 8 4 8 - Eh R B .

TR BT, 5 4 R S 9 4 8 Bt 2R 1 (metallo-
thionein, MT) £ &, [8 € 7R R0 E X3, &8 m&E N
KT ZIHEN N TFEA, SESEES
J5 L 2 Rl N N R AL R AR T
42 TR LN s e 4 e R A Y N R i
BE =AM EBEEMA, CRmEA A
MAEBEEG O, FEH 2R AR A
Z— HEA WA 5 &G 5 1P O TR
fedh, HESRE A LB i b Lwme/mE T
1R X 2 1Y) 2 R T B R A B R T R T
AR B T W45 G2 e R 0 A AL AR AL 1k 5
FEMENESEE FOSEMEHN ., &EmEAX
K VBEVER A S G R R Y B BRI L fig
% E 40 PR N 255 T vE ™
22 EMHEER

A AR Y] S W SR e AR ) AL T Gl
i S A S SN U B Z2 R A B T
FEAEIE 20, DA o AT 375 i 2 B R AIR B2 M, 76 A 5
Fa R, Fo o IEMPTRY By G Hg™ | Co™
FEMAEER As™  Se” F bl F 2 O E ZE AR
FH o BT oK 20 T 4 W0 ) A AL ok 22 ik g T LKA e
A0 L OR B Ak o 7 M L R R R AR — A A 1 OR
(I1); T 7K 20 TR A1 FH MerA g f5 5K (1) 340 J5t ol 4% A& 14
) Hg , #5 & 3] 25 S0 5 Al B8 M v s v LUK Gt il
Ji A B B0 RN R T /N G B TR AR A i 4
TR 2o K B R R A I AR AL W 5 4 R AR T
UE , DT[] 42 L 30 S i 2 | o oy Ah  E 9T R B
AR TR JE o P R Eh 2E a6 & Bk L —
5 He 855 T8 il HeS UL -

3 ShHEAER
A a1 g R Y B T SR UG A B LR 32 Bl )



138 B | | A A 484

I, B 4 T HE AR O R B A RO R
P, AR BT Sl — SRR IR Tl s I
BeHE A0 A . AR B AR Y LR SMEL A
DL = Fh
3.1 P1B-ATPase

P—ATPase Jg& — ™ 5 20 Jitd 5% 25 7 2% 1 Jfig ot ¢
R BLEE B 0%, o3 0 5 SR , Horh, P1B-
ATPase 5 4il 18] iz i 6 J& 25 T % VI 3G, L BAR
H4JB A . PIB-ATPase {34 1 6~8 5 R R i JE
JACTM &5 K 35 2 A1 240 i SO A L ATP 45 5 25 4
BAE I B FRIR 1Y S 7 Cys B¢ His & 5 (19 2K o 4E
i, X SE 5 BE ] LABC (42 ) 25§ 7E P1B-ATPase
9N R i B A R DR ST R X - 6 A S B
(Metal-binding domain, MBD) , & & A —15 Cu*
o Zn* B T 454 1 OxxC 37, 1T DL 45 A
Cu Hl Zn*™', K 2 %% P1B-ATPase 1§ MBD #5247
S8 B T4 A AR B R R T ZntA 19 N R i
MBD # U] Wi 5% CxxC 3 )7 52 48, T 30 ZmtA 35 1
FE AR T 1 BE AS B 2 AR 7E 2l B P P1B—ATPase
HORE Iz iy B 45 o e N — i B T, H
B A EFENE . Drees S 5% 1 76 A W) 1 4 & 25 1
Ab BT 25 8% 43 5 AT B P1B—ATPases 191 P Al 5 15
B0, & BLAE Cu™ | Co™ (Ni**  Zn™ , Cd™ Fl Pb* #§
ft ) 8% 55 R Y PIB=ATPase 15 1 , 1H S 45 4% 5
T B LT S v B A AP A G, 7E S HAL S T
(VU T A TR
3.2 CDF Xk

FH & 3 H# 42 o ] 5 (Cationic  diffusion fa-
cilitators, CDFs ) j&& — M 25 & 8 1 R i, Be 8 7%
iE Mn® [ Fe¥  Zn* (Ni**  Cd™ Fl Co™ % 5 42 J& B 7,
CDF 7E [ 85 [ 45 #4 1% ( Transmembrane domain ,
TMD) F1 C 7K ¥ 45 #5 3% (C—terminal domain, CTD)
MW, TMD 5l S A E B G A A S
CDFs 445 J& e £ VR B UIAH OC , o0 5 A Y DU 2R A4 5k
L 1 4 ] B D RE Y PR AR B A R e R 1
WU AR R W FE R P AL A T R AR R —
DD-HD 3 )5, 1 57 Cd 1 Zn B $632 , 878 18 HD-
HD J5 58128 Zn* B REJI AN (B> T X Cd™ (4 5%
iB" LS A & CDF 4 N ME—BEIE AR ST 1Y 465 R
SEA LR T AL, 0T P 20 2R 1 DX Sl sl 4
A, I A e T A 19 CDF 8 H AR B
3.3 CBA#IT

CBA %32 K )2 i BT 13K 30 1) 3 42 )@ % is 1,
FEAETEZRAMERE S, Z2hIEH T
CzcC | J8 BT A& 85 H CzeB LA S IR 8 CzeA 41

B — N B AN HE E , T T AT Co™  Zn® Fl CA HE
LAl . CzcA J& CBA R0 F 2 W s3, Y &
& IR B T 0k A B M TR, CacA W] DL UG H
HERAMEAL  CaeBEAR—MEMEEN,
E A TE A LR b R ] J5 A (DK PN AR R R
FHIE , 5 CzeA S [FIVE 456 T 4 8 PH B 7 HE
Ak CzeC 5 CBA R RPEAME Co* (Zn* [ CA*H K,
A FRIR A BH B RO AL Y HR Y R
CzcCBA 17 1E 25 il P-ATPase [ 323K , 7] fig &
5 CBA # 3% F Ml P-ATPase [F] 2 52 Jit 3K 2l 4 &%
SR I (i X ¥ S S

4 % B

N1 08 17 i O N o s i € R 7 T e
JE AL Al L B A R T G e AT AR R —
RS, AR TR AR SN RR DT
B 1T, SRR Wy Ak A FE 4 Jm 3R 58 52 3 I da i
i 15 A 73 U8 — SE YA A Y S T R A e
U O BH Lk 4 S T A0 i, 4n e
BE I 0 PR A2 0 6 T BHLBR e R ob , 2D
FEEA M o H 4 Jm A I B R B
B E RS S ZEAE RS WIE, sl g —
BE AR S A < 1Y) R T A5 A AR AR TS
B ML SAFAE L 36 W] LUE o SR 7 208 4 s
P HE 2 it D AR ARG M P 5 4 19 7 A T

EPs. FHlIAEF O

P O O .
Y Mg Ca’. zf%iﬁ
CDF {515
= ase
'y
L \

O E2EETM PN Mg
1 BEYHIZESENETZEAIE

Tl 2 0 % < J ) TS 52 BIL A L Bl 2 e A 5
B A 7 N AT A7 AR LUE [ UA g itk — 20 TR AR
FE - (1) WA Wy it 32 0 4 s AS Jmg BR T 55 A L 1 P
AR TR Bl R S 2% B IR 45 05 5K, AT R R
TE B 52 B 1) 3 A 19 25 AT e )R A B S T 1 S 5
TRV B T RATRE () E 0 E Y
1} 52 B 453 Jis TR Pk — e Xk BE A B — ) 4 R LAY
AR e BRI 32 RE 3, T 4 JRR 75 Ul M DCOE R B2 2 A



14 £

PR B T 2 5 e A ALY 139

HARE TGO, Wb, A BACAE By BOR ARAG [ )
i 5% 2 b H < J& B B AR WD I AT I T A 2 — , Bl
5 & Z P PR B R AR TG A 18 B9 059k . (3) 1t
YRR AU Y A B B R A SR,
K TR A W v R e T B BT R B AT . HA
] 20 ) S TR A o 3 A R A LA SR rp L3
T A 0 B9S2 [ B 200 0 PAY ) 25 A g Xk A 0 T
32 H 4 Ja I 5 AL 5

S

[ 1] Ayangbenro A S, Babalola O O. A New Strategy for Heavy
Metal Polluted Environments: A Review of Microbial Biosorbents
[J]. International Journal of Environment Research and Public
Health, 2017, 14(1): 94.

B, A EBOE, U P 19 T L e EDDS %
G5 R B S B S e R RN TR, 3 RO B
%,2012,37(6) :32-34,50.

B, LR E, FWC, % BTSSRI A
PRI & ARl B, 2007, 32(4) : 26-28 , 34,

B #&, N B RE Y, AR L R T R R < U A A
BRALA (7). €0 6k 55 R BTk, 2017,43(3) : 48-53, 60.

Guibal E, Roulph C, Le Cloirec P. Infrared spectroscopic study

[2]

[3]

[4]

[5]
of uranyl biosorption by fungal biomass and materials of biologi-
cal origin[J]. Environment Science Technology, 1995, 29(10):
2496-2503.

[ 6 ] Zhang J, Song H, Chen Z, et al. Biomineralization mechanism of

U(VI) induced by Bacillus cereus 12-2: The role of functional

groups and enzymes[J]. Chemosphere, 2018, 206: 682-692.

[ 71 Gupta P, Diwan B. Bacterial Exopolysaccharide mediated heavy

metal removal: A Review on biosynthesis, mechanism and reme-

diation strategies|J]. Biotechnology Reports, 2016, 13: 58-71.

[ 8 1 Marchal M, Briandet R, Koechler S, et al. Effect of arsenite on

swimming motility delays surface colonization in Herminiimonas

arsenicoxydans|J]. Microbiology, 2010, 156(8): 2336-2342.

[ 9] Mohite BV, Koli S H, Patil S V. Heavy Metal Stress and Iis

Consequences on Exopolysaccharide (EPS)-Producing Pantoea

agglomerans|J]. Application Biochemistry Biotechnology, 2018,

186(1): 199-216.

[10] Ulloa G, Quezada C P, Araneda M, et al. Phosphate Favors the

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Biosynthesis of CdS Quantum Dots in Acidithiobacillus thiooxi-
dans ATCC 19703 by Improving Metal Uptake and Tolerancel[J].
Front Microbiology, 2018(9): 234.
Alvarez A, Saez J M, Davila Costa J S, et al. Actinobacteria:
Current research and perspectives for bioremediation of pesti-
cides and heavy metals[J]. Chemosphere, 2017, 166: 41-62.
Liu Y, Wu H, Kou L, et al. Two metallothionein genes in Oxya
chinensis: molecular characteristics, expression patterns and
roles in heavy metal stress[J]. PLoS One, 2014, 9(11): e112759.
Gadd G M. Metals, minerals and microbes: geomicrobiology and
bioremediation|J]. Microbiology, 2010, 156(3): 609-643.
Rajapaksha A U, Vithanage M, Ok Y S, et al. Cx(VI) Formation
related to Cr(Ill)-muscovite and birnessite interactions in ultra-
mafic environments[J]. Environment Science Technology, 2013,
47(17): 9722-9729.
Lekeux G, Crowet ] M, Nouet C, et al. Homology modeling and
in vivo functional characterization of the zinc permeation path-
way in a heavy metal P-type ATPase[]]. Journal of Experimental
Botany, 2019, 70(1): 329-341.
Rosenzweig A C, Argiiello ] M. Toward a molecular understand-
ing of metal transport by P(1B)-type ATPases[J]. Current Topics
in Membranes, 2012, 69: 113-136.
Drees S L, Beyer D F, Lenders—Lomscher C, et al. Distinct func-
tions of serial metal-binding domains in the Escherichia coli
P1B-ATPase CopAl[J]. Molecular Microbiology, 2015, 97(3):
423-438.
Kolaj—Robin O, Russell D, Hayes K A, et al. Cation Diffusion
Facilitator family: Structure and function[J]. FEBS Letters,
2015, 589(12): 1283-1295.
Montanini B, Blaudez D, Jeandroz S, et al. Phylogenetic and
functional analysis of the Cation Diffusion Facilitator (CDF) fam-
ily: improved signature and prediction of substrate specificity[J].
BMC Genomics, 2007(8): 107.
Hoch E, Lin W, Chai J, et al. Histidine pairing at the metal
transport site of mammalian ZnT transporters controls Zn** over
Cd** selectivity[J]. PNAS, 2012, 109(19): 7202-7207.
Barber—Zucker S, Shaanan B, Zarivach R. Transition metal
binding selectivity in proteins and its correlation with the phy-
logenomic classification of the cation diffusion facilitator protein
family[J]. Science Reports, 2017, 7(1): 16381.

(A=Y 4 T 2495)



