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Abstract

Hexavalent chromium is the main harmful substance in chromium residues, and the remediation
of chromium-contaminated sites has always been an important research topic in the field of
heavy metal pollution control. Bioremediation is an environmentally friendly technology for
treating chromium-contaminated sites. In this study, a high-concentration hexavalent chromium
[Cr(VI)]-resistant strain was isolated from oily soil in Shengli Oilfield, and named after 16S rDNA
sequencing and database comparison, Stenotrophomonas acidaminiphila 4-1. The effects of initial
Cr(VI) concentration, bacterial inoculum amount, soil moisture content and glucose addition on
the removal rate of Cr(VI) in soil were studied. The interaction of the above factors was optimized
by the response surface method, and it was concluded that when the soil water content was 28.6%,
the bacterial solution inoculum was 4.53 mL, and the glucose addition was 5.97%, the optimal re-
moval rate of Cr(VI) was as follows: 85.0%. The results showed that Stegotrophomonas acidami-
niphila 4-1 was an excellent bacterial source for the bioremediation of chromium-contaminated
sites.
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1. 518

Bt S BB eBiRe —, R MEZHTZAHMEMAE, HT&ERE. &
SfiliE . S ARMB R FIPR RS L] B T BTN, SRR DL S R K Z K
FIMRTEFIB JE/E I HEN 38, 2B/ E TS UL [2]. #6575 Jent A 725 R G0 I B R AE DI AR KA 2 3 sk
o, NHTES R ANV SRR I R EEEYR, 5 =ML, S AT R TR A E
PEREK[3] [4]. miREERIAN S ED A RKARE, DR THEYBEELZICT[5]. AV A r3HE
HeZE R ARG VS T RO 2 RIS TRER , BB ARV N s SR 2 — e IR FE % AT AR 0 g 3
[FI, NUTES XORBCRALY)5, wlid % DNA Wi, sl fias w6]. KL, Cr(VI)—@E AP ataxt
75 A DNA I8 BN T 4, 30 8 1 e A RS 2 PR SR A V) /R

AW REAAE S TS YL g A 1) LB BN B AR S I AR R B 2 P B I R
TR I 1) e R e e b, R O RS SR S B S A =0k, IR BB LIRS H I, AR
FAEE RO B WA RIERA . SYBAB R EORMI, AWEEHEARBABAMR, LBBCR LT
o IRIGREER AT [8] 45 A 40 B A IL TR 1T DA 2K (ICREREH K BRIN B G BN 8%, AR B
B IEJERNRL B B Cr(VI W F MR 2 B8 42 9] [10]. 4 EIFRIE T 2/ 2 Cr(VERE K
PN ECRR, ANBIR £hi4 )5 1 (SRB) [11]. Jo 4T i J& (Achromobacter) [12]. % ff14T i J& (Bacillus) [13].
75 FL EK T4 J& (Escherichia) [14]. K741 i (Escherichia coli) [15]) A1 5. it 5 J& (Pseudomonas) [16]. AS[H] f)4H
BB AFER Cr(VDERVLHI[17]. #111, Valerie Desjardin [18]45 A4r 55 AT 2255 Cr(VDIBE S 4, JHK
FAER B 58 DI FERR R, RIS R 1 Cr(VI) & &1L 1.8 mg/g B, 30 KJ& Cr(VI) AT # 584
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2Bk Jeyasingh [19]%5 A7 B3 & 4 A B R R BUR B IR, FRTELF AR PRASAE F VPN 8 5
REJT, RigE 20 RJG /SR I R 2% 100%. Srivastava AT Thakur [20]%5 A S 2 R 7K H 43 B H x4 A e
HERENRENE.

WAYNE T BARTEE TR P AT DR EE LI S M S M R B PR, 34 R 68 B KPR b PR 7S
W& R B HAR B AN AR, (ER R MY LB LD M ESBS R aE 2, Ebr A B
AEAE—E RN, SR EDIE SR 7S 86 1 77 sURE A ], R 2 2R pH (HE R R 5
Wi o DRI 5 LR 5 5 3 (M A AR W) AT A B Pt i BB S RIS A IR PR R 3 (0 . SR80 = rh i
HH I RS TE BRI B R RIEMER, REVDSR S S H AR BRI G5 . AR S8 B R 5 e
G 4k H ) TR R 5 97 5.t 1 (Stenotrophomonas  acidaminiphila) 4-1, JFRE Rtk 4-1 k-3 Cr(VI)
P ST TE, DARCR R BRARAG I L2561, JER AW S A VAR E T BPR 4-1 X LIS es 2565
(B oA S K 2Bk, A% Cr(VI)TG G e B N IRt 7 L2 S8 oRadent, )5 2Ry sihs
Wt B E BRI AT S B8 AR 4

2. M55
21 MREEE

2.1.1. R

HARTRER . SALEN. RIANE. BRER. BERR. BREECIMR. AMER. BRIREN. SUILEE. BERRE AT, B
AV (A o 2 4 A 2R A PR B AR PR JK ZRE (R TR A BR A7) B (R AR TR
Btk 2 A IR A F]): AN E AR A B R R T BoR A R R A F): BERR
(LR AR A BR A /) BrA R 5 A i ati .

212, ((FEH

AL104 BT RF: MpEs) - FER 2@ (A RA R 720 BT WA BE . il sk E~FF
A AR A DHG-9053) BYRE & H R B X T4 Bl = REMAAESA R AR SHZ-82 BUEIRIRY;
e N B ARG A R AR s SPX AL IR IR T TR OB LR S A PR A 7] ;. D3024R
B A R B O AL KA AR AR s YXQ-LS-18SI B FE Xk /I 27K w % il
HZEEIT o8l s HC-3018 AUl B obl:  ZBUPRHh AER 2ARH IR A F] .

22. SEWAE

2.2.1. &k

B B AR S MRS G B A B AR B — BRSNS I S BUPE B, A M T D TE R SR R R R
(Stenotrophomonas acidaminiphila)éi 5~ 4-1, HrJHAL 2B TT. WA EN . HHHREE. &
Mo R B RREIE, 1ZE T 2019 4F 1 A 8 HAR T+ B A BE 32 b O (kb o B Ib
HIXK), RS H: CCTCC M 2019031,

222, BEHxRE
LB (Luria-Bertani) i 44 7 5% A LB (Luria-Bertani) [&l {5 75 54 (i B 715 2 IS H 30 [21], 121°C K
20 734

22.3. BBRENSEST

£ LB [S /R85 IR EXSBIPk 4-1 BEAT AL - BRIBCR R % 2 LB WA B R B oh, SRR AE IR AR IR A 30°C
160 r/min idBE 77, 5 AR K 0BT R AR Rl T
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2.2.4. iR
KARE VR AE 1 mP SR TS BV, SRR LB . B 2 em EARIRE LR, 2
B33, SRFEIRE N 7~10cm. e K. 1 10 Hif G248, =B N FRGAT, K589,

2.2.5. HWERE
HHAT R ERES, HT Lrh ORI aG /S AR IR BT . IS KR L TR VR b B R ) ) AR O e = B
= [PS -

23. DHE

1) IEERA S E Tk

TR R (RIS KR, pH A AR UK. AR B FR G — bR VRN E .

2) AN I e

TR RINE S CRIERPURY) SIS IIIE A BRI —— KA R T IR o e
(HJ1082-2019))

3) Cr(V) ERRFE M it BTk

W 25 g ERE CroVIFIKREE 4518 0 mg-g s 0.2 mg-g*. 0.3 mgg*. 0.7mgg*. 1.0 mgg ™.
3.0mg-g*. 10.0mg-gt, B 4-1 HEREN 3mL. BT SLIGINTE 30°C HMEIR IR 38 PR 7 K. SRR
PRV AR B —— KA S TR 3 e e B WO FEE o R I PR b i 28 (R = 0.9993) 5 Cr(VI) 255
Ko I, Cr(V)EBRBCERIE 5 toh[22]:

Cr(V)EBR% = %xmo(%) )

Horit Cy F Cy 4375 R AEW) 25 B4 SET6 A ) Cr(V )Xo BRI P R B 2K IR
3. ER57vHe
3.1 RS IWBEAMR

SEI6 TR F AR VS TS e 3 ) L AR PR BT 36 1. iZ BRI, FHIFSEN 9.3%, #5k
B4 RN 13.89 mg-Kg ™Y, e rh (1 R 4 B AR AS A 20K 3.135~3.334 pg-g . TEREIUAR S Jesb h, Kt
27 1% 3 FR NI — 8 B 1) SR BR AT A VR DA R T BT 75 OIS TRl B33 Cr(VIDIREE .

i E R 712005 i) I B AR M R 4 B R 4 1

Table 1. Physical and chemical properties of soil

1 TR R

K (%) pH LR (- Kg™) A (Mg Kg ™) A (ugg ™)
2.24 6.55 9.30 13.89 3.135~3.334

3.2. REMIA7SNEIREN B 4-1 KBR7 N REENRIRAT

HIP 1R, BEE NSRRI IN, Wbk 4-1 B0 RBRACR 2EUZHERAES, SR R
TEFRA — BRI, (EANM IR N 0.2~1.0 mg-g ™ I ZBRBORBITTIE 40.0%L o N EEIR
i 4 P 4-1 AR IR R AL E TR TS YRR TS IS R B i ATIE 10 mgeg T [23], AR IS
KB, NI TG R L i R AT MRS AL B AR N Bk 5 P 4-1 AT 2 K.
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Figure 1. Effects of different initial Cr(\V1) concentrations on
removal of hexavalent chromium by strain 4-1
Bl 1. FEI#E Cr(VIREXTEK 4-1 KBRS KAV

3.3. FEIERFFEXEHR 4-1 KR REENHIRNT

i) 3 R — XA MR R AR S, BRI AR R — 8 Ree — BAEARTE LI h, (B2 0A LX) 118
HH IR S il — 58 B RE A [24], AT X B8N AR A (R I S5 K 2 A 5 o BRAR AR AR AR WA — S R
N LEEYI R 2 R, S S IR A3, (B T BE 2 LI I A S IR R A
AL, BT AN R4 BN XS R AR 5 . A 2 BT DLE H, B A Fh st 1 mL 3903
4 mL, SIS ZH RS (V) L BR R BB 2 380K, JoHb, BRI TE 4.0 mL B, 88 (V1) B R & &l 47.15%.
e — PG KM &, XX Cr(VI)IZERREE A TRERES, X PTRER BT R E A 3800 8 7=
B R SRIG I BEREANAON E TR T 0 sl DA S B A R AR RS B 8. (R, W R4 Fh &R R, W
TRIRIM AL EHE, 5o 2 B R AR, R B e &= 4 mL.

50

N
o

B
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—_—
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Figure 2. Effects of different inoculum amounts on removal of
hexavalent chromium by strain 4-1

B 2. FRIEREMENE 4-1 KRNI
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3.4. FELMEKENEHK 4-1 KRR REIR I

EMAEMBEERERET, 2R3EZHER RN ERKEERTM . L8P Rk 7T BT R YRS 13
RIS, S KR SRR TR Oy (R R DA R LA BE B [25] . AN KRS ik 4-1 2R
(VDTG R an|E 3 frs, MERaTBLE Y, S/KFEIMER AR K MAR K. &KF M 0% N
2 15% I}, NUEERERER SR, SN ER RBR R s, N 47.15%. ARERIEINHIRE KR, KRR
AHEE ETHGEY, MRS TR, WSS ARSI R 4-1 K4 aimsh A B mmsfER, i

BEHCR LI TS
15 25 35

K (%)

Cr(VD) K52 (%)
[\®] W IS N
o () () o

—_
[}
T

0 5

Figure 3. Effects of different soil moisture content on removal of
hexavalent chromium by strain 4-1

3. NEILIREKEIE 4-1 ERRFN BT

35. FEAERESINEXE 4-1 KR HiERENRIR R

PEIRIE, WA R T REY R Cr(VI) [26]. N TR AN B AR # vk 4-1 £BR Cr(VIEE
IR, FATLERAR LB K52 43 BTN 7 A 208 . RERERIFLER S . 75 Wbk 4-1 5K 5Bk Cr(VI)
BORIFFE TR TR, 8 4 0 P T AR ORI B R 4-1 EBR SR IR KR HEVE P o S BIF 90 %6 &0 0 v 1 it
PRAE - SFE ST 7S AN R B SE I, LT 20 B 4 A 52 0 DR 28 00 DAy A o B L 4 T 2R, VAR 0 96 26 1 P - A Cr(VI)
LR T A RA, HMEERRERIGm, LREAPEES, BEEAINEN 3% 2
5%, ST ES 1 L BRFEM 47.15%F2 = 5] 75.34%, H 44k aE36 KA AR INE R, RERFA TR .
48 F 3R BN 0 B G R T R R 4-1 X g Cr(VID I 2B

3.6. T IEIRES BT B E 4

ARV SRR R AT Cr(VD) 2B R HI 22 BAE R, M4 I st 45 5L, 6k U S0 IR 2R (BT UG 7S A 55 IR
BERERE . S KRAE G RIS T E 08T (PCA). £ SPSS 22.0 FAF#E1T . ZREXT YA FH
R R I TR R ) SR BEAT INBCR AL, 83— & 2800 R [27]:

Factor = __VEL x Factorl+ __VE2 x Factor2 2
VE1+VE2 VE1+VE2

Hor VEL T VE2 43 IR AT 1 AR T 2 R 7 22 o
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Figure 4. Effects of different glucose dosing amounts on re-
moval of hexavalent chromium by strain 4-1

El 4. TEAEERMEBIEK 4-1 RSN EEIFNE

E T E B KR )5, I Design Expert 8.0 #AEH % Cr(V1) 2B 28 m b A B, 204
RS A TR AR R ME[28] 0 AR ZR 73 BT IR 55 77 S I B 25 Bk Cr(VI) M B 251, ARAB VI iR ik %
A, 4SR5 Design-Expert 8.0 B BT SLINAL. T SLI— R ST

TEHEAT Kaiser-Meyer-Olkin (KMO)fa S, &I # 1) KMO B4 0.537, K TFr#ER) 0.500, KM%
BEEFATEF oM. % 28848 THERTFIBkEER . IRAFEFRIRHEE 292 1.321 F1 1.003, 3
KF 1, BIHAETFRRHEE 2 A S SR IEE A 58.110%. [Hth, RIPIANE R PIRECON B K.
SPSS [# 2(0) BT 1 M T 2 154 REHHSERQFBLEZEERE T WAERMASRIH LT
e FKE > HRhE > HEMKRE > Cr(VIIKE. ik, &8 7 HEESKEA). Wl EB)M
AR (C) =R, SEE T &K L& 3.

1ETT Z S HT(ANOVA;: 2% 4, F AEFRRARA 77 SR — 4R 307 . B F
HAF P A7) 58 134.24 F1<0.0001, B [BIAREAY & B W46 (P < 0.01) . RPLIUH) FAEAN P B 73714 0.3424
1 0.7974, ¥ARE, RUDZEATHTHAGLIER SIS 25, @l 200, SREX A%
BRFIIREMINY . Hefh & > HEHRE > EKE,

Table 2. Factor analysis of Cr (VI) removal rate: (a) total variance explained; (b) score and ranking

T2 CrVI)ERENREAZRN: () BHERRE; (b) BoMER

@
s HIARE A FRBCTJ5 FIEA LR EEIE- N
wit TEN% RBB% wit TER% BR% wit TERN% RBE%
1 1321 33.023  33.023 1321 33.023  33.023 1321 33.022  33.022
2 1.003 25086  58.110 1.003 25086  58.110 1.004 25088  58.110
3 0.930 23262  81.372
4 0.745 18.628  100.000
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(b)
EALIESES et
HT 1 A2 FSSR 4
Cr(VI)ikE -0.371 —0.084 -0.254 4
M 0.567 0.038 0.349 2
EKE 0.012 0.986 0.433 1
R 0.546 -0.124 0.257 3
Table 3. Levels of variables for experimental design
2 3. LWL EKF
- K-
-1 0 1
A (EK%E, %) 15 25 35
B (#Fh&, mL) 3 5
C (HEIWEIREE, %) 5 7
Table 4. ANOVA for response surface quadratic model
F 4 WMNERRENAESHR
Rl H B F1E P HEM
A 2595.19 9 288.35 134.24 <0.0001 significant
A 30.34 1 30.34 13.92 0.0074
B 1275.13 1 1275.13 584.79 <0.0001
C 149.13 1 149.13 68.39 <0.0001
AB 15.29 1 15.29 7.01 0.0330
AC 7.62 1 7.62 3.49 0.1038
BC 10.43 1 10.43 4.78 0.0649
A? 91.28 1 91.28 41.86 0.0003
B? 878.68 1 878.68 402.98 <0.0001
c? 64.40 1 64.40 29.54 0.0010
Residual 15.26 7 2.18
Lack of fit 3.12 3 1.04 0.3424 0.7974 not significant
Pure error 12.14 4 3.04
Cor total 2610.45 16

W 5 Fn, Cr(VI)EBRFRZ MM R & PR A S KR M R A . DU ARy

B, Cr(V1) 2= 5 2 Bt 25 8 VR 2 Fh 2 AR 388 I 56 b Tt 5 B4R . £ A Deesign Expert, #f 5 7F 1355 7KK 28.6%.
BRIy 4.53 mL DL A AR INE A 5.97%0, Al FiiH &t Cr(VI) £ Z N 85.0%.
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Cr(VD) B (%)
Cr(VD)ZEBEFE (%)

Cr(VI) LB (%)

CHTAmRE) * 3 2 B M (mL)

Figure 5. Response surface map of soil moisture content, bacterial solution inoculum and glucose concentration on the re-
moval rate of hexavalent chromium in soil

5. HIREKER, FREMEMAEFEREX IR P N8RRI X HE

4. g

THhRE R B 77 AL 1 (Stenotrophomonas acidaminiphila) 4-1 ZEAR4UL 1) 52 Cr(\VI1)i5 Seft) T3 b R B 1 51t
ZERRCE . W RIS AR . RIS KA B R R AR R PR AT B R K SR Ee W K, DY
MR TR AR 4-1 BRI RE I3 — e BRI . R S i, G g s
s BRI VUM R F AT HEY ARSI /SN R T Jy: SKE > s > WEh
WEE > Cr(VI)RE . HRIEm S I AR 45 FnT 0, 76 LIS /KR N 28.6%. WA A 4.53 mL LLK
R INE A 5.97%), Bt Cr(VI) 53RN 85.0%. WFIT45 R, GRS 4-1 WE AL
VIG5 8T G I 1) = v TR A B R

E&£InE
VEF BT L AR 4 B SRR A4 (ZR2019BDO035) s A7 v i5 et i) [ 58 8 p S 06 2 P RO R (b v 5 -
PPC2017020), " Ayl %2 S EHE AR AL L AR B K ERE 6 5] 3 A4 1 H (S .
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