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# . [ 841 43t 3E (phenanthrene, PHE)-Cd* 75 4k &, R —#EMRRALTHKE B
(Klebsiella sp.) CW-D3T & #k 4| #LER 3 4F A Ko & T X KR A RASS &R B AR5 F4h, AR
BA 2h 38 JRAR R P Z A AR R R CA™ AR IR 69 761 BL AU VA & PHE 69 R 8 Xastie 2. [Fi%] M
FLBR 3 46 KA # 20 mmol/L 6938 R R AR &, WARHE 2h 8 69 £ K AKHE M SF a1 s A
PHE-CA>" 75 % o4 AW o i & BACVA BAF RS 9 R SN 45 4R, TR & F Cd™ 4 2 IR
A B & 4R AT 4585 GC-MS Fv HPLC #4843k 38 R4k & F PHE 4 Rk = 4 AT 2 1
A EoAr. (4R CEMARKEA 0.5-50 mg/L 414+ F, Klebsiellasp. CW-D3T & #h 4 #LEL
JRBGEJRAR BT 24 RAFIRAC K TR B ARLA Y CAT A RE R & T 10 mg/L B, PHE #= Cd*" %%
FIHZHTF 70.00%. A CA* Wbk E 6938 A, Kol A4 (extracellular polymeric substances, EPS)
YISt B M ARG LG, RAA@IL ke 3 HEF R G B RE 8 H A0S 6 3805 0% 38
3%, Cd* Mrid T PHE £ ARBA 238 RAK & P 046 7 E A R E0 & FH A Z A 2-FE FER, #0446 Cd*
RENA 4 10 mg/L 2 50 mg/L 8, 2-FF FREFEH 5 R¥ZLFMAL(15.56 pg/L #= 10.23 pg/L),
5 KA CA> st LA 5 R AR T 27.56%A 52.37%, CA* R R E AT B M 5 B R 2-E P48
AR RERm. (48] AR A BT 2RI FIGHE CERA T Klebsela sp. CW-D3T H#kxt
PHE ) A M EfE, RN % A% & 09 R TR S A ML Cd e B A BARE A .
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Abstract: [Objective] A facultative anaerobic bacterium Klebsiella sp. CW-D3T utilizing
sulfate as the terminal electron acceptor for anaerobic respiration was used for degradation of
target pollutants in the system with phenanthrene (PHE)-Cd*" co-contamination. The response
mechanism of the strain to different Cd** concentrations in the sulfate reduction system and the
anaerobic metabolic pathways of the strain for degrading PHE were studied. [Methods] A
sulfate reduction system with an initial sulfate concentration of 20 mmol/L. was developed to
enhance the growth and metabolic activity of functional bacteria and improve the bacterial
performance for remediating PHE-Cd*" co-contamination. The changes in extracellular
polymer secretion and the vibrational characteristics of characteristic peaks were analyzed to
explore the cellular responses to different Cd*" concentrations. Furthermore, qualitative and
quantitative analyses of the metabolic products of PHE in the sulfate reduction system were
conducted by GC-MS and HPLC. [Results] In the presence of 0.5-50.0 mg/L Cd*, the sulfate
reduction system of Klebsiella sp. CW-D3T enhanced the remediation efficiency of target
compounds, with the PHE and Cd*" removal rates above 70.00% when the initial Cd**
concentration was below 10 mg/L. As the concentration of Cd*" increased, the secretion of
extracellular polysaccharides in extracellular polymeric substances (EPS) was more than that of
extracellular proteins, and the intensity of characteristic peaks of polysaccharides and protein
functional groups on the surface of bacterial cells was enhanced. The initial activation of PHE
in the sulfate reduction system tended to favor carboxylation to produce 2-phenanthroic acid
under Cd*" stress. When the initial Cd*" concentrations were 10 mg/L and 50 mg/L, the content
of 2-phenanthroic acid peaked at 15.56 pg/L and 10.23 pg/L on day 5, respectively, which
decreased by 27.56% and 52.37% compared with that of the control group without the addition
of Cd*". Cd*" stress significantly affected the 2-phenanthroic acid content within the cycle and
at the end of the cycle. [Conclusion] The biodegradation efficiency of PHE by Klebsiella sp.
CW-D3T was significantly improved when sulfate was used as an electron acceptor in the
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presence of Cd*". The extracellular polysaccharides and proteins played a positive role in
enhancing the microbial tolerance to Cd*" stress by regulating the detoxification process.

Keywords: PHE-Cd* co-contamination; facultative anaerobic bacteria; sulfate coupling;
extracellular polymeric substances (EPS); metabolic characteristics

AR P R A I - T E A5
PAEAE T PR . S SRR AR AR R Y
RN AT, 2T (polycyclic
aromatic hydrocarbons, PAHs) Fll & 4 J& (heavy
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TF T IIRER R REDL , MR Cd® AR IR R
IR RACHS PHE M LiRAE,

1 MBRETE

1.1 #l
1.1.1 BEHE

LB Wiik¥s7: M (g/L): NaCl 10.0, &1k
10.0, BEREE 5.0, NZEW/KERZ 1 L, ¥4 pH
% 7.0£0.2, 121 °C KB 30 min,

TCHLER Wi (g/L): NaNO; 2.00, NaCl 5.00,
MgS04-7H,0 0.25, K,HPO,-3H,0 6.30, KH,PO,
4.00, (NH4),SO,4 1.00, Tween-80 0.20, HNzEi&%
KERZ1 L, #pH E 7.0£0.2, 121 °C K#
30 min, #O1—@E A PHE Al Cd*, BiHlAE)
AR EE ) JCHLER I, 850 5 BT X i
112 #HAEKEEEE RN &

Klebsiella sp. CW-D3T B #k ke 24 F M,
HEMEIRSE R, 2EMR, 40K/ (0.3-1.0)%
(0.6—6.0) um , M\ 7 [ HLE 1% 2 9 {588 7 .0 (China
Center for Type Culture Collection, CCTCC,
http://cctcc.whu.edu.cn/)3REL, {55 A CCTCC

AB 206144T, EaUFEMRZE . 3E . tE5 2 Fh PAHS
B, ZR0F- YR fRRh 73.0%0,

W FE CW-D3T $:R0 3 fif (1) LB WA 77
Fedp, 28 °C, 120 r/min 1537 18 h X4 K,
FATC B RR £ 22 vh i WS e Je R, AR
ODgoo fHZ 1.0, Tl BRI 25 H o P A E L 2
BIE WA T 7.

1.2 #xSRe

HER LA IR EUR A T o CA> WU B Wk
FE94 0, 0.5, 10, 25, 50 mg/L, PHE #J#A
WEEYS R 30 mg/L; i Ji 52y A 3R A B R R LT
ZARHCEE N 20 mmol/L, KEANINFEREL )23
BRSO EN

B TR R 10% 420 % € Cd™" .PHE
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W E e B 1 R AN IR U, s Al AR Ak
Jo, HIREURMNIBRE S B TE, 7630 °C,
120 r/min $&RFEEEIRG 10 d, [RIEFARSE K AL
LKW LB FK, TRIAVEEZE 1, 3,
5. 7. 10 KREFEFFRMAROCHE bR
1.3 EFRITEFAMT 2 AR

T 4 J& F G40 1 ¥ B (minimum  inhibitory
concentration, MIC)AJIN & , I RIEZIARTIE 1%
WAL LB Kr 323k, 28 °C. 120 r/min 4
B 12 h e, R TR CACL 1T fif KA
LB #5532 5Er1, 28 °C., 120 r/min R% 1555 24-36 h,
B E LB Bl VA L, 456 ODgoo MIEL{E, 564
AR AR 1 Cd™ IRk A 2 S MICH ),

DAA A K Je WA 3R B 4 R 32
PR RS N B[R CACL, 3T LB )
PRRE SRR B B WU ODgoo 294 0.01, £EF% 2 h
W %E —IK ODgoo fH, 4 ODgoo fELIEF 0.1 B 2E X
AR A R
1.4 PHE #1 CA*" #5 ¥R 8946

PHE & J& I 2 >R i 850 A 8 3% Y
(Agilent ZAH]), FRIIFE S IA R A SRR
KW, HAEEE 20 min, F 0.22 um B HLIE
ik, Epgkil 55144 : ZORBAX SB-C18 ff
TEAE4.6 mmx250 mm, 5 pm, Micron A /), 254 nm
PR, IBE 25 °C, PREAWE 18 min; Jish
LK : 2 HE=8:2 (RFLLEL), 1.5 mL/min [
Wik, PEREE S uL. Cd* kR i o s 4 4
B R FOSAIE, fEAES T 0.22 um AL
TERR . SOL™ i JBE 2R FH 8% MR 43 Y Y B 15 0 7 o
SO/ HAE TR DL PR o HL e,
DL E] SOL™ 44 R HL T BE IR BIUE Akl HaoS, ##A
L)

2 2-
N, (SO,2) = my(SO4 9)6;7:1 (8047) <8 (1)
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X, NSO ) AR SO F5 R Ha T
/R B (mmol/d); my(SO™ )N HI R SOL™ T i
(mg); M(SO4> ) MIREZE i SO,” Y it it (mg) ;
t o JE SO0 R (d) s 8 R 1 mol 1 SO $44EH
1 mol 1 H,S SRR L FHEEL, 96 9 SO, 1Y
AHXF 4351 it (g/mol)
1.5 RBFRBAREEEN

A A R R IR E 2% Gu 45D
7k, dEa AR R B IMA(NADH 535
MR ), VAN TS i w2 52 Ak o 20 mae iR
(iodonitrotetrazolium chloride, INT) A Hi, F-3Z {4,
WAEYPE INT i858 H 5t (iodonitrotetrazolium
chloride formazan, INTF)AY# KR /R4 Y
HL AR B R G
1.6 ZHAE%FIEAS I
1.61 A4 B F R i $% (scanning electron
microscope, SEM) 73 £

JEI ORI 5 R B BEHCT 4 °C .5 000 r/min
B0 5 min, FREIAEAH 2.5%8 —BERE 12 h
(4 °O)f5, FRRELEERK, KA 0.2 mmol/L
TR ER 27 WP I UE 3 W, FRR BE MR B2 (.45 30%
50%. 70%. 80%. 90%. 95%. 100% . 100%)
LR RIK , K 20 min, I A TR I
M4 AbFE . SR A4 ¥ 2 50U8% (ThermoFisher
Scientific 23 H]) N W EE 40 IR AVRHE
1.6.2 RSNEREYISIR

W30 mL FRUAE TR E O, 4 °C,
4 500 r/min #.0> 15 min FRAFIEA, FIBEIRELZE
MR BT UE, BERERET 0.9%HH
LA 60 °CN#A 30 min, FFKE.L 15 min
(4 °C, 10 000 r/min), FIHEA 0.22 pm JEMT
U, FRBLENTART (54 4 000 Da, 24 h),
BT EN 45 EPS T 20 °CIAA7 B & L%
hirss iR E , 2208 LR Lo @0 5E

1.6.3 BEM TSI iE(Fourier transform
infrared spectrometer, FTIR) % T

R L, 10 000 r/min #5 B0,
0.9% Y JC A AE B ER 7K Pk 1A% B8 00 A IS AT R 3 1k
JE T . DK 400—4 000 cm ™' R SR
H AR 6 21 70 5 3% {X (ThermoFisher  Scientific
ANEDREI, LA AR FE CA P8 RIS 40
JitL 2% 1 B B8 A 9 A1k .

1.7 PHE it ¥R ZE 1% E 2420

Hh ] A 7 0 118 AN 52 1 R 2R R 2
B, SRR BT R AR AL A F R HRH 2 Ik
J&i, FJEK NaySO, T4, ZEHU e 75 & s
Stk , IECKHENEMEN. RIWH
BSTFA-TMCs (99:1)7E 68 °C FAij2E4k 1 h, X
G- (Agilent 23 &))o0AT o I 5E 4540
PEREREN 1 pL, AN 1.0 mL/min, JHERF
Jg: WIERIREE 50 °C, 3 min, 10 °C/min JHEE
250 °C, f44F 10 min, 10 °C/min, FHEE 280 °C,
PRI 1 ming #F PR FN S IR 0 i &R
280 °CFll 200 °C.,

Hh A W 8 T A B - AR VSRR A
SRR, AR b, RS
JEHE S min, HAVAEATEERN, FH
W RIELZZE 1 mL, A 1 mL &P LTS
P I B T 40 Wl =1 9 PR A U B e 78
Mo BEZMNERIE K E 1 mL J5 A F R
M, TR BE VAP AR 5 min J5 ez,
FTIMNE RS LE, A 2 mL O, JE
ZEMMNEESL T 0.22 um JEME, R FH S0 (4
FEALI A o
1.8 RS

SR S BB E AT IR A (n=3) . £
AL B PL I I 2l - Excel 2019, OriginPro
2018c ¥£47, Ff] One-way ANOVA 4T SPSS
A3 HTAS TR A B ) 25 S5 4 2k
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2 BER500

2.1 HE# CW-D3T K& 'FKiES Ay
PHE-Cd** L4514
2.1.1 Cd*fBT PHE RIREPEMRE

BB CA BN 0. 100, 200, 300,
400, 500, 600, 700, 800 FI 900 mg/L, 4 Cd**
HeFEA 700 mg/L B, TRk CW-D3T 51K (A2
MoA KT, 45K cd® HrhEXEh 500 mg/L<
MIC<700 mg/L, BtRIIPT CEFrtEiR . & 1A
NERTES PR Cd™ YR BE A7 I i AR K i 2k

Tk W A T 4 a8 T A A2 4 T R A A 4 A
KATAa G K R /AL . 5T0 Cd™ IR mxd i
HAHL, ARBEE CMRBEEMOG, ZHEkH
PR A KA S ;. B Cd> IRk
FEET, A5 N B I AT AR R KA A
BUE AR A, AN S B R
REZRAEL, RS M Sk W 1E 0 AR A RO,
K 1B & B E Cd™ ik B IR AT I T bR
CW-D3T %t PHE (KA MMR . Cd™ Waa vk
0.5 mg/L i}, #JC CA I hnxt a4, 0-3 d it
PHE [ 22 M8 I 5 (4.35%, P<0.05), S J&1 1

A
125 -=—PHE
—e— PHE+0.5 mg/L Cd*
—a— PHE+10 mg/L Cd
4— PHE+50 mg/L Cd*
_075F
Qc
)
0.50 |
025
0.00 s—0—— —

= ] 50 mg/L Cd*
< 80 + 10 25 mg/L Cd*
2y s 10 mg/L Cd*'
3 2 a 7 H 0.5 mg/L Cd**
P b e —
= 60 F ¢
ks o _vd
= [ c . HH
2 2 A Sl -l e
5 40F e =
= d — 4
2 ol Y uE — =g
O | - 3
= 20 4" e PHEHOSmgLCE
T —4—PHE+10 mg/L Cd* =9
ol —v-PHE+25 mg/L Cd* | =
1 1 1 1 +l:’I_II:T;"»50 mg/ll_‘ Cdz- 1 1 1 1 1 1 1 1
0 2 4 6 8 10 0 5 10 15 20 25 30 35 40
t/d Cd* remaining concentration (mg/L)

1 RE CAd™ KE &4 T E %k CW-D3T A4 K B 2 (A) LA K PHE B9 R S PR (B). Ca* RO KK E (C)
Figure 1 Growth curves of strain CW-D3T under gradient Cd*" concentration conditions (A) and anaerobic
degradation of PHE by strain CW-D3T under different Cd*" concentration stress (B), and the remaining
concentration of Cd*" (C).
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TR % i 36 55 0 B A 2 o 3P R 40 i 22 17
UM, B R A0 2 T £ Ao o — AR R
A WA A W0 % PAHS YW B 22 BR 57 H
Iy CA*" RN 10-50 mg/L i, PHE By &%
H59.31%4539% , M FX A THET
5.10%-19.02%. Z5REH], BiFRE b FT Y
B R R, ASE Cd> e BE ke R, B bk CW-D3T
X PHE M JE AR R AR R B B B E M2 5
(P<0.05), Btk CW-D3T 3@k Ccd® il sk
VL 114 e S R AR

FV I ES R, 4% Cd™ W B R R 22 Bk
RKUME 1C fiR. CAPIIRIKER 0.5, 10, 25

Cd* removal efficiency (%)

£ 8o} . a
>

) &b
2 60} s
£ B
(5]

g a0}

=

=

&

2D 20 ~e-PHE+0.5 mg/L Cd*
E —4—PHE+10 mg/L Cd*
= v PHE+25 mg/L Cd*'
& 0 —+—PHE+50 mg/L Cd*

0 2 4 6 8 10
t/d

2 WERELSR{L Bk CW-D3T K& £ PHE-CA*'i5

150 mg/L B, 52 JE B 45 SR AR B A R4y Cd™
WE 23 1M 0.145.4.010,11.435 F1 23.390 mg/L,
FERE B9 22893 30 71.00% . 59.90% . 54.26%
1 53.22%.
2.1.2 WHERESE LK PHE-CA™ i

E 2A Sk CdP A T IR I ER £ 5 Ak B iR
CW-D3T %f PHE HYIRE AR . AR T ICU I
FRER H S48 1B), HRAK R A 2R o [
CA*" M EF41F T, PHE J& IR Mefm 8 m 1
8.75%—13.69%, Y HA I ZEVE2 7(P<0.05). i
mRERSRAL I MR R P, CATTRAEWE 0.5 mg/L
if PHE F#f#%(76.36%) 5 AR ENN CA* 5256400

BANY Z0 HHE/ L U
o B 50 me/L Cd*
a

80 % ? ;b

60

R
=2

o I=N

e
Pl

RS

o

&5

)
Yo

A
A
a¥a%ali
A
ba%a

sésisiss
Pa¥e %
<%

;0

20 1=

Ya's

588

ba%e%%
55

>
'

e
>

3

X,
a¥et,
X

%

K>
s

SRR CARE L H T E K CW-D3T B33

RIEE ARG TR 2 0] 5925 A B B 2K F(P<0.05)

Figure 2 Enhanced anaerobic removal efficiency of PHE-Cd*" co-contamination by sulfate-reducing strain
CW-D3T, and SEM analysis of strain CW-D3T treated with different Cd*" concentration stress. A: Degradation
efficiency of PHE by strain CW-D3T under different Cd*" concentration. B: The removal efficiency of Cd*" by
strain CW-D3T during the reaction period. C—E: Scanning electron microscope images of strain CW-D3T under
0 mg/L, 10 mg/L, and 50 mg/L Cd*" concentration, respectively. Error bars in figure represent standard
deviation. Different lowercase letters indicate that the difference between the groups reached the significant
level (P<0.05).
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2, R Cd* (0.5 mg/L)%} PHE AU EL 78
PR SR A W R SRR M AS B35 (P>0.05) 5 24 Cd> iy
R BE>10 mg/L B, JEHIR A PHE FEMER 75
H 70.06% . 64.02% . 54.14%. CA* AN 10—
50 mg/L I, Ak CW-D3T I HAK 1Y PHE 2[R
W EEL, PHE JRHIRMEMACE A B2
225 (P<0.05), Rk CA ALK, Hiig
ERAE Ry SR R 37 Ak o] B AR UE TRk CW-D3T
PRAEWF I %] [F] 25 5 Ak X PHE 926 ) R

& 2B S Bk CW-D3T 78 U JE A 4 i Cd**
F R4 C I LA S 0.5.,10 .25 FIT 50 mg/L
i, SR JE M 25 R e 4y Cd Mk E 4351 0.074
2.785. 8.500 F120.220 mg/L, AHM A Cd* i
RN 85.20% . 72.15% . 66.00% Al
59.56%, SIUHERER I LA L, Cd™ KPR
RAPHARE T 14.20% . 12.25% . 11.74% . 6.34%,
¥ HAT B 22 57(P<0.05)

P 2C—2E M f R ER # AL S W AR &R, 7E Cd™*
W 0. 10 A1 50 mg/L Wil T EAk CW-D3T 19
FRVEAEIE 45 LW, AN Z5FI7E 0 mg/L Cd™
WEE T IR SEH , (R 53 BA H0 I 350 P A 2L 1Y
THOL; BEE CA™ WL Wi e, FiRRm AR
MR, BURECINE], Cd* HeE 50 mg/L B T RE
PRV SR N R B AR B, B IRTE AR TE o LA
15, DBE TR A AR IA] () RGP R SR A v s, HE
2 R A WA IR 4 IR R A0 W AN SR B W Y
fift PR AL T 1 e sh 0%

2.1.3 CA* B THER I AEEE D

L F 52 AR e A Qi AR P T
AR CW-D3T e R R 1 A R A% 30 LA 22 1
FESMIN L F-3Z AR B i H T R 8k, S5 R 3
FiR. BAWIES 10 K, Cd* WIta Az N
0-50 mg/L i}, SO FITHFER 54 45.33%.
32.47%. 25.49%. 18.95%. 6.70%. Bfi# Cd**
W BE () T E T 1 PN T)— BURE ) ) 053 7 25 S B 2
BRARER A THFE L 2 PR H
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v L L L L L L

0 2 4 6 8 10
t/d

3 AR CEREMBTHERRLAHEE
Figure 3 Sulfate consumption under different Cd*"
concentrations stress. Error bars in figure represent
standard deviation.

MRAE SR, SO JEIIEE 10 K A7 s H]
W I 1B R B 51 7.253 0, 5.195 7,
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Figure 5 Extracellular protein (A) and extracellular polysaccharide (B) secretion of strain CW-D3T under
different Cd** concentrations stress and the proportion of EPS adsorption and removal of Cd** (C). Error bars in

figure represent standard deviation.
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surface of strain CW-D3T under different Cd*"
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systems under different Cd*" concentration stress. Error bars in figure represent standard deviation.
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