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Abstract: Hexavalent chromium [Cr(VI)] is a carcinogen with the toxicity far greater than that of
trivalent chromium. The Cr(VI) discharged by electroplating and tanning have adverse effects on human
Cr(VD)

Cr(VI)-reducing bacteria have been discussed, whereas there is a lack of summary of the species,

health and eco-environment. The resistance mechanism and reduction process of
chromate reductase activity, and adsorption mechanism of Cr(VI)-reducing bacteria. In this review, we
reviewed the recently reported Cr(VI)-reducing bacteria via a phylogenetic tree, elaborated the
mechanism of Cr(VI) reduction by bacteria, summarized the enzymatic parameters and reaction
conditions of chromate reductase, and expounded the environmental factors affecting the reduction of
Cr(VI) by bacteria. Further, we clarified the adsorption performance and mechanism of Cr(VI) by
bacteria. Finally, we put forward the research prospects on the mechanism of bacterial bioremediation
of Cr(VI) contamination. With this review, we aim to deepen the understanding about the reduction and

biosorption processes of Cr(VI)-reducing bacteria.
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Figure 1 Cr(VI)-reducing bacteria (CRB) 16S rRNA gene phylogenetic tree. The tree was constructed using
neighbor-joining, and the circle on the clade represents the bootstrap of 1 000 repetitions.
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Figure 2 Mechanism of Cr(VI) reduction by bacteria. Chromate reductase includes intracellular reductase,
membrane bound reductase and extracellular reductase, among which the common intracellular reductases
are ChrR, YieF, NfrA, NfsA and NitR, et al. Non-enzymatic substances includes glutathione, ascorbic acid,

cysteine, Fe(II) and sulfides, et al.
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L P i il R 45 5 3 i i ) 3 AR T L
HMEJFG B3R ; Elmeihy %6 U°VR F4E B 25 11 i
M1 Geobacter sulfurreducens FJHIAMNA JF
Wi T AR Cr(VDid i 2 & A TFE M Ab o

1C 4 Rk, 8% IR L IE T Y i A S0 5
(enzyme assays)EUHEAHXTED, R 1 DL TR

F1 EHRBLFEBNNNFSHERMNEY
Table 1

R IR R R B B3 1 # 2 8, HP kIR
WK, RN TR R RS Cr(VDRYSE R T,
K, BN S5 AR 0 I KR R R Vi
RFE—EHEREIL IR T Co(VDIE P L
BOR . ZRUKIRER A X Cr(VD IR JEA H
AL —VE, MR AT Al A BRI BE A% [R] s e 3
Cr(\/l)iﬁT BT 50 NitR B 3 S i
EUTE YhdA A8 ZGE TG PSR S eah,
’f%@ai“ A JF AR Cr(VD) B 22 S, SR
X NADPH 5%, NADH 1 A By it (42,
BRI ZHAKREE)TEIEENEAC
wEdRaE , (5 HATRATD S TR £ i SRR Cr(VD)
AN SRR R T s T AR, Kok
B — R R TR AR R R R 2544 5 D fe

Kinetic parameters and reaction conditions of chromate reductase in enzyme assays

Chromate . K./ Vinax! . Electron
Strain Time Buffer (pH) References

reductase (umol/L)  (umol/(min- mg)) donor

NitR Pannonibacter 14.55 34.46 35 30 min NADPH Phosphate buffer (pH 7.0) [63]
phragmitetus
BB

GST-EcNfsA Escherichia  11.8 3.8x107° 55 1h 1 mmol/LL 10 mmol/L Tris-HCI [77]
coli DH5a NADH (pH 7.0)

GST-EcNfsB  Escherichia  23.5 3.9x107° 30 1h 1 mmol/L 10 mmol/L Tris-HCI [77]
coli DH5a NADH (pH 7.0)

GST-VhNfsA Vibrio harveyi 5.4 10.7x107 30 1h 1 mmol/L 10 mmol/L Tris-HCI [77]
KCTC 2720 NADH (pH 7.0)

NemA Enterobacter 212.1+ 37.7£3.9 Room 20 min 1 mmol/L.  Borate saline buffer [80]
sp. Z1 63.6 temperature NADPH

YhdA Bacillus 7 260 26.8 30 30 min 10 mmol/L 100 mmol/L Tris-HCI [81]
subtilis NADPH (pH 7.5)

ChrR Pseudomonas 260 8.8 70 / / 0.05 mol/L citrate [83]
putida buffer(pH 5.0)

YieF Escherichia 200 5 35 / / 0.05 mol/L citrate buffer [83]
coli (pH 5.0)

NfoR Staphylococcus 120.84 16.30 37 Smin 0.3 mmol/L 50 mmol/L Tris-HCl [84]
aureus LZ-01 NADH buffer (pH 7.0)

OYE Thermus 3.5/ 6.2/16.0 65 Smin 0.3 mmol/L 20 mmol/L MOPS-NaOH [85]
scotoductus 8.4 mol/L NADH/ buffer, 10 mmol/L CaCl,
SA-01 NADPH (pH 6.5)

/: not mentioned.
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B E R SRR, AR S
1E Stenotrophomonas pavanii WY601 P it
A, Pannonibacter phragmitetus BB TE b J5U i) 1ok
PR pH N 6.5 MUREFRILIAE pH K
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TE— L83 HAE R IE & A T 64T Cr(VD)i& J5ERY 40
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AR R AEAE, H Cr (VDR R i iE pH
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ik B 2 52 W0 % TR R 3 i R MR o — A
TR, RZEEARMREARKS Cr(VD)id )5
AIRLEETE 30-37 °C Z 0], iX 5 B BRER A S5t )

<l actamicro@im.ac.cn, & 010-64807516

ARG PRI T . DFoT s, IR AR IL 5
i} YieF i ML iR R 35 °C™), YhdA fix
AR EE SR 30 °CTY iR S AR S 0 o i 1 T
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WF5% %3, 7E 1001 000 mg/L Cr(VI)AYHE JEF X
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PEFEIA chra 5 i BEd 5L A nieR AR X 2235
R FREHR, i, MEEINRE Cr(VD)
TR rh R AR i ) A TR, B PR Eh P B
DRl 5 8 PR R kD ik PR e ah 7K, Cr(VID ik
JRBE I MR Cr(VDARMETT, 20w b 4
R Al A BT RE M FRAR Cr(VDiR R R ), [FIRS
Cr(VI)XJ 2 B ™= R

WP R A B i e A A Cr(VD)
Ak e, AR a)E R T 5 OIRRE 1. &R
B BYVE T = ST X 40 v A R R S
WFFT LI, Cu™ REAEHEANTARXT Cr(VD)RE Y,
Cu” 5 R ALA 5 NfoR FYAERERPELS A,
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AT Cr(VI)I R b iy B 68800 Cu® B
TAENREESN , L BERETE 40 L A AL I R e
PR TR RSO, T 2 A Dl LA
MR 830 I BTG 1R, B IR R B T~ (NOs )X Cr(VI)
RS £ 2 DT, WFoE k3, NOy IR
4N Pseudomonas aeruginosa G12
PR 2 A SR, e SRAN R R Cr(VD)iE
NP, IR RSN Cr(VD IR R, #
07w TR G5 IR E R

WA, T Cr(VDE e it # by i
AR, WO TR B T I A (electron
donors) A& B Xf Cr(VI)AIIE JFEAERT o AN [R] 21 28 X}
HL IR R AR R AR B 22 5, s Ak
XF - Cr(VI)id J5EAY 52 e BOR T 40 1 M o H LAY
AHUR TR A pE . R FLE . FLRR .
FrgERR . Hh . BERR S NADH/NADPH %510,
BB BEAR K BACH I TEAL L AR RS Cr(VD)id
JEA g, BEA T A D, EALS A LR
TR AT AE SRS B AR (B Hy 5
CH,"Y . i 5 A AL 1O ke 3 e [ g gt
Cr(VD)i& i VE T o 40 RE 7% o mT LA I TS L
HL PR S(0)ZX Fe(0), =444 & 1 g iR L
S Cr(VDIR JR 40 B X Cr(VD Rk 5O, Hogg
RS A, TR Cr(VD## 1T B %
w5, B, LB K 5% AT DL G248 Mk 5
Cr(VD)M ™ H 7 {4 38 W] 38 2o $2 o kA1 3k
Cr(VD)ib JRAOCR o APREHIT TR, TEH—
BTG JOVE R BRI 25 4F T . Acinetobacter
haemolyticus HW-2 & J51 0.7 mg/L #J Cr(VD)7s
12 h, TN 2% LB #5335, IS AR R v
JE Cr(VD{H 2 W', B, 7Ek B m e b7
PR, 1 % A e A R AR i AT,

YipE Cr(VD)id it Bz B DL IR EE I+
MIREI , B2 B E IR T A AR
AHLTS YW F R RAIFEN, RARIE T E DR

FEARZE A 5~ 5 40 Cr(VDIR R AHE AR

2 HE Cr(W) &AL 5 HLE

2.1 E Cr(VI)AY IR K

HF AT Cr(VI)PR IR AE R+ 3%,
PR e BB B A B 9 K 22 ST 4 A 1 3 D il 7
S HL o T AE X A 1 W B A A 4 TR
Cr(VhEE i A HEE . YW R
A PSR O PR ) A B o 3R T A R S
B4 Bk 2 R T X — i BRI AN K A
YIRE S IE B, TGRS T 4 TR A 2 A0 40 1 AR
RESZELIY, R A e R ARG . A2 AR
A3 IR 0

AN T UE AR . A0S AN R A
PIEPS)KT Cr(VDFEATWE BRI, fildn,  pitk
12 S0V 30 Bacillus cereus MZ-11 K% F Ak AT
PIXF 1 600 mg/L HJ Cr(VD){H+5 B 1 il W Btk
W BRI R B ik TR S A B Bk )
LR VIE S 4R B T ULUE (FeS, Al CraS3), %
UUTE P AT LA 4% A7 W B 40 B M A SR A
YIrh—OH, —-NH } C-O %5'E RE 76 W it 2
Hrf E AR g 2 R, £ Cr(VD)
MW EA Cr(VD)WRFIRE Ty, H 28Rk
F18 R BREAVE PR PE Bl A 08 SR VR T v o B AR
YA EA T [ 2 Al S5 AT DA et Cr(VT) B 1 B R
UL ge Ak, At n] DUE i [ R AR
PR BT Cr(VI) 4 W fh 114

. Cr(VDis Y E it e, HExt Cr(VI)
B VR FIAS AT sl i, 4l B0 B S5 Cr(VI)
FY BT ) F s ) 22 5, SR EZE/ Cr(VD)
WAL I o Cr(VI) IR FF 3228 % A0 e it 3
-5 MANRE S, Hn] §E A& A 7EAH N 38 iR
it o M 40 B A H M AN E SRR IR B, 8 AR
FH 55 240 A 25 T B2 B A 5665 4 1) W E AR FH [) s
A, W RRET AN TR G Cr(VI)aE it Bl s e
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IR I B 5 340 S X FE LA AT o > Al TR A
2E G R A IR, Cr(VI)W B ToRR 4, & 18 5
it 1) A0 B R TR, P o Dl O D S [
TEANMI TR o W FRITE B 45 530 S Bl T 74 Cr(VI)
Al — DA 5 P IR B 5 RS i
it P9 38 DA P R A A A i T S P 2 4
TR FH D P o i A T, R T A 40 i 3 T 1)
Cr(VD) I Bl iz =AML N IL 5. Beiy, 2 A
FHAEAS 6] 23 (6] b sz A5 2l 40
Cr(VI) i Ji I 3 3 — Fh i It g b se AR T,
I B R R 5 S AR AR I 1] 5 2 Ta) b A
Msr MO N, Geobacter sulfurreducens PCA
2 T 1) S o S L PN S A i B
(] s B e, PR AR S Cr(VI) Mk AR 1k
UG 1Bl I S BRI 2 2 R E R4 R .
2.2 AERY Cr(VI)IKHiH1IE

YR Cr(VI) MR B Ik 2 v g 4 38 R o 44K
Cr(VI) 5 40 T8 2 1 8 55 i S FEAe g, ik 27 ik
A U 44 S AN AT 55 g f 2 200 A R R R Cr(VT)
AL R4 A . DU M f s AE M, %
pH . 4 TR 35 1 B BE A1 A 20 f BE 1Y 32 22 1 o0 #E
232 Cr(VI) 0 B 3 7

W85 pH WA BT Cr( VD) i L I B

Extracellular Acidic
‘ Cr,0,~ HCrO, Cr** Cr,0.5
EPS  H* NH;  COOH P=0
| |

| |

TEV WO, Cr(VI) 2L i 1 & IR AR TE
BAFAE, P Cr(VD) 2 W B 7 20 B 25 T 174 1 H
IR b B SRREEHY pH S5 M 40 B X Cr(VD)
BT, 24 pH #AKET, 405 2% m i 1L
EHLT, 255 WHE HCrOo,~ 5 €07 fildn,
Jlie (—NH-) 7] Jif ¥4k i —NH5", il i i e 0 B
Cr(VD™ U, Y4 pH FTFhJE, 405 2 B RUs
WA, X Cr(VI) R R I35, 0 BRAE
WSS, R e S F T, OH 5 CrO,>
71 B 5 4 71

2 A 2R DT B 1 0T S 2 A ) B e A
AR Cr(VDM IR 2), B IE(—OH) AR
F(—COOH)ZM Bt Cr(VI)YH UL BEHIT, 7f
DLid i A2 g5 5 01 S H AR REY Cr(VT). &
FENH)PE A P & BT . Bk A B 2
UM 0 EZE R4, nT DL o 7 i VR S S
VE W B Cr(VD),

Y0 BE A 2 S 2 Cr(VDWFff 22 57, o
=% PGB A 2 1 R WE 2 AN R 20, W ER
Cr(VD) ¥ 4 Jm 2 A 700 B0 2% PG PR M 1A 2 T A
Z W SE A ] & ¥ Cr(VDIRBPEAT, 46
BERFEA . BRI 5 ILEPY,

WK 3 Fis, MR EAfE7E Cr(V)RY K

Alkaline

Cr*++30H —Cr(OH),!

OH  CrO> Cro2 Cro> Croz

=0 I
l

Cell wall

Cell membrane

= Adsorption

B3 MAEFzmE Cr(VDBIRM S Cr()ByimniE 3 iE

.+~ Hydrogen bonding | Precipitation

Figure 3 Adsorption of Cr(VI) and precipitation of Cr(IIl) on bacterial surface. The three horizontal bars (=)

represent the adsorption of the functional groups with chromium, three dots (...) represent hydrogen binding,

and the down arrow () represents the Cr(IIl) precipitation.
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5 Cr(IIDAYPLTE SRR P10 Fe R vk 4%
PR, dMeE i )E, H 5-NH, 8L
LI B Cr(VDU2Y 35 3 55 5 35 mT % H g f
Cr(IIDPY, & WP (—P=0)t Al X} Cr(VI)#k4T
W U2 R, Cr(TID B T A VIE N
Cr(OH);, #IEHHRIEATIH Cr(VDPY, &3t
(-NH )il a8 s cr(VDZEa™, eV 54
LA 1Y) OH—77E W B 58 4571,

3 RE5EE

MR Cr(VI)i5 Y EBAREE L J5 5 % Fff
VERT, BEARFLRRY Cr(VI)iA R 40 @ o Rh 2+ 2>
Fw, EIEAE LA I 5 LS 38
o AR P B E A R B A DR L A D
T REE45  i DR B A R o IR P 3 D A 2 4
B Cr(VD)iR R 2720 aifiasha oy S5 2
SRR Cr(VDIRJEAER, (H 5= A0 N 55 R
R BRI 525 R A5 S . PRI R] e ek
AR TR P A AT P R G 3 PR A e 8 R e O
K AW R Cr(VD) R B ) . MW R
Cr(VD) LA B AR F R 355 W B AR 32 20 S
MG . DIVE SIS ], 4 b8 3R IHE e A #E
Hodp R FEAEH

HAl, BFRE ARBRABR R X Cr(VD)
W RS W BEL , (H B B BB S A A 1 £
MR (1) FZRERE Cr(V)I5 YB =Z AL
B EIR, XA S R A AL S T R
KEEA; (2) IR B E N ChrA KRS &
S D5 T 10 235 ) i A A B AEATT 5 (3) 40 TR ) W o
R Z 50 E ot BRARRE A, DR B B 5 4
BT Cr(VI) 4 W i — O A5, 14 2 58 UK
5B RE A b A A 0 O o e R

D, 4HEE RS Cr(VI)id J5-5 0 B AL AT
PUR T HIRARTE : (1) W17 KF I,
KARE £ 5 Cr(VD)if i ad FRAH 5 i 3£ 55
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F, I 0T 5% R 3 30 it iR 2 R 47 B I ™A 30
5325 [RIBFERSE Cr(VI)-A5 5% R 140 i il 1) 45
BT B B TGRS S AR, T A TR R 3 R A
A AR AR LS (2) R X-5F4dn ik
TS . g AER S s TR Eh iz B
ChrA MIZEH 5 (3) A HH By 7 ik 5 K I = Boxt
W B R A AR A S A e, A IR B o
R sh A8, 25 BTk, KRR ELEEF
Moy F A2 5lsh 1128 k5T Cr(VDIYIE
JE R, AN NS Cr(VD) R RHE T, i
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