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Abstract: [Background] Surface water/ground water flows back to the goaf of sulfur-containing coal
mine, forming the acidic goaf water. The water, with high salinity and sulfate content, threatens ecosystem
health. Microorganisms, which feature low cost and environmental protection, has promising prospect of
application in the treatment of goaf water. However, the currently available sulfate-reducing bacteria
(SRB) are only highly active under suitable temperature and neutral pH, and are intolerant to low
temperature and acidic conditions in northern China. [Objective] To isolate SRB from goaf water in
Shandi River Basin of Yangquan, Shanxi, and to domesticate them so that they can tolerate the low
temperature and acidic condition and be used for the treatment of goaf water in northern China.
[Methods] Microorganisms in goaf water sample from Shandi River Basin were enriched and SRB were
isolated. Then the SRB were characterized by Gram staining and scanning electron microscopy and
identified based on 16S rRNA sequence alignment. Their growth characteristics and sulfate-reducing
capacity were also investigated. On this basis, temperature and pH were lowered to domesticate the
efficient SRB, thereby exploring their potential in the treatment of goaf water. [Results] Two strains of
SRB, YQ-1 and YQ-2, were isolated, belonging to the Gram-negative Proteiniclasticum and
Desulfovibrio, respectively. At 30 °C and pH 7.5, YQ-1 and YQ-2 reduced 96.75% and 75.48% of the
1 100 mg/L sulfate, respectively. The highly efficient strain YQ-1 was selected for domestication at low
temperature and pH. The sulfate removal rate of the strain was 91.49% at 15 °C and pH 7.5 after
low-temperature domestication, 85.69% higher than that before domestication. The removal rate was up
to 37.21% at 15 °C and pH 4.5 after low-pH domestication, which was 34.30% higher than that before
domestication. [Conclusion] The tolerance of YQ-1 to low temperature and low pH was improved, and
the efficiency of sulfate reduction was also enhanced after domestication. This work provided strain
resources and theoretical basis for the treatment of goaf water in northern China.
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TRPERE SR R AARE R 2% (W)Y
g, HmaiEABRE, T 121 °C KB 20 min,
IIAH 0.22 pum YE S DERR T 1Y FLER BN A TR
B RAIRAT /02 4.5 mL KR KL R .
1.2 SRBHIS B

T EBUAL TR R 5 e g ) K AR IG5
— {347 SRB HLEMRR 4> & 4k, HUS g IR
FEAL, TA 45 mL JCE KA 73 R S o
50 g, REHSIHINCGEW, FELL 110 MR L
I3 BRI FIR AR KR RE S 2 A5 40 mL
e SRR SR R . R SE T 30 °C
MAEALE SRA P B R R, YR e
MR R, R AR RS AR
i, i) SRB & oK#E %%, KM Hungate’s /&
Bk SRB FR N, I A 4 Tk
o 0 e A TRV P A I U B, DG SR A B K
MR R RS, B 0.1 mL 40 E Jy 1072, 107",
10° BRI R EIR A H, T 30 °C fH il
B A B R R . MR R A REEE G, Phik
T A RE 3 AT s LT A T TR R B
TEDR A T4 h G218 4T 5 DRS485 IR AR e
€, [AlE ) A S SRR, F R A
K PR B R P AR B R I, F
30 °C fHiEFRAEH IR . EE LIREFRIEE SR
AR, HZIRTE SRB 4wtk

1.3 SRBHIXZE
1.3.1 FEEFENE

W MRFE IR S A S SR B b A K s, WETF
SRR VR B AR . % . i B B RN 6 45
fiE o TEEE SR RIE TR G B 2 I URE IR R, F
P2 [RYef, FIWTRRRME BT . A KA e
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A 30 °C WAAIEFRAA h B IR, W
FE M %E 40 Bl %0 & . pH . ORP (oxidation-
reduction potential ) FIARER R & 15 . 1) A 141 A
THBOCE AR I 4B . BB v 4 I
BRI Eo — e, FIR AR 6.8 uL $EAT T
W AT X g, iRt a5 b 55 3% A R g S
PR, HRE R 2T I HQ40D fE 4
KX EZ S BN & pH 1 ORP {8 . R FHARER B
JEE LU0 7 D 2 A P BB R AR . R AR
T, BRERAR SR T RO TR SR R B, AE
420 nm KT A I KWW, Al AR A
(Epoch, BioTek)ll e HMOGRE, R4k n i h £
TR R & it
1.42 ARLEEF pH 4 TEMKRITR 4L

K H Postgate’s 15 7 FEAE AN [A) L BE FAS []
pH 514 T %t SRB B AR 1T HE 77, RSB
W BE o AR e LS Tl 9T S8R 4 A 1 S 38 3R
(10.1 °C)P, WERFFRIRIE N 30 °C, 25 °C
15 °C. HEFEIEYIG pH I ZE 7.5 AL
MR, TARNRERFA P RESESR. R
AL PO pH {E(4.77), WEWIE pH H
7.5, 6.5, 5.5 F1 4.5, KigEIEWI4h pH 5 2
AR ELEE, T 30 °C HEFasa P E iR 55 .
FRRFSRARE 3 AEL, EWEFEN
FE B R A 1 o
1.5 SRB &93il1k
1.5.1 ARELRE T3 SRB #9311t

SR FH A6 B I8 3 1% 3 ok T A 2R 4 7 A L 9
b Wi bR AR KBS FR 3, W R
30 °C, MEEFFAREIAAE, HESRRETALC

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

KBTI ARES, DL 10% MR Ll iR 2
ARSI, BAREE SRR 2 25 °C 4f
SRR SR . FRIARAE KRR RD 2o A K R
I, FREE R 15 °C 4k8eii3:, #rmikkigtt:
BARNI AT Z R, HERFEP BB E
BAATIVE o AR Ik 72 b R 5 55 R 2L ) 46
pH & 7.5,
1.5.2 A[E pH T SRB #3Jl1L

MEPRTE 15 °C BYSMFNAERKIFHATI IR

e JFE e AT pH Y4k o R R SRR E N
15 °C, BRI 2 0 H R AYIIG pH A
7.5 AR IGFR IS, M E R pH LI 5 —
oo M8 7.5, 6.5, 5.5 F1 4.5 By pH BRJE, H
WA K G L ZV R E IR pH AR 15 55
Ho YR MRIERD V)G pH o 4.5 BYEEFRIETF R
AR, BRI RE, RIS A R
pH ) SRB.

Beil w146 pH Ry 4.5 A K BRI, LA 10%
Bl 1) 2 A AR A B0 08 19 5 AR R Ak, T
15 °C AL M P E R TR, ARKEEAIE L
R . DIkt A8 b 1 T 9 2% F IR S0
2 mL PR VO S B R AR 75 ik

2 #R5ik

21 HEBAMRSH

LS T 37 SR A 7 K AR LIRS DR A i G
SrERYE, pH{ETERIN 2.33-7.64 (3 1), SO
SR, TR EEE Y 930-12 939 mg/L
P G 1 W A R K AR E (250 mg/L)PY, 7
JEJe e A A 1 71012 590 mg/kg., HUREA& 1
Wb TR G R i o, JUHUEAKIAREA ST AL
Hl Fe (&R H T 1400 mg/L, AHF5EHEH
TR R AR M B Fe i 19 ST AT DT AESL, FFJE SRB K
i3 T4 o



MFE S | M, 2022, 62(6) 2109
F 1 WIEAGAKES)RERD)HmEERE LR

Table 1 Physicochemical properties of Shandi River water (S) and sediment (D) samples

Sample S1 S2 S3 S4 D1 D2 D3 D4

pH 2.33 6.91 3.61 6.23 3.18 7.57 5.68 7.64
S0,* 12 939.00 930.00 1 842.00 967.00 12 590.00 1 725.00 8 360.00 1710.00
Mn 41.50 2.63 5.83 2.46 37.65 3.30 6.20 2.25

Na 31.90 120.00 172.00 102.00 21.15 209.50 127.50 72.00
Mg 1 027.00 66.00 120.00 56.30 570.00 188.50 337.00 68.50
Ca 422.00 209.00 241.00 169.00 2 435.00 461.50 2 665.00 715.00
Al 1 400.00 0.01 22.00 0.05 530.00 0.10 0.00 0.15

Fe 1 438.00 0.04 3.85 0.07 111.00 0.00 0.00 0.05

CI” 2.23 32.00 40.60 32.20 1.50 29.15 20.05 13.60
NO;~ 0.00 16.70 11.10 16.10 2.30 1.95 3.25 2.35

The unit of measurement content were S: mg/L; D: mg/kg.

2.2 SRBHILE

Zerb ik, 193 2 MREA IR LI R T g
By 22 RBAPE Sl e R, rnldn 48 YQ-1 H
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WIS OE, MeRER, %S, Wik
YQ-2 5t i A R M RO, b R R A
AR, TCHEE, K290.8-12 um, EAZ70.2-03 um,
WiEEA KR A, MoRER.

B RE YQ-1 H1 Y Q-2 Byl e 5 51) 2 52 5]
NCBI #17 BLAST LX), JEFHXT45E, &

| En

L)
'!’_ (BGEG 15.0 kV 12.9 mm>=5.00 k SE(UL) 3/30/2022

1
Figure 1

REEREE YQ-1 #1 YQ-2 B ESE

B 17 ¥R BT 16S rRNA JE[K ¥ 51 7 MEGA 11
Pl B R RREMERFEREN(E 2).
P45 R R YQ-1 SEEMEDRER
(Proteiniclasticum) 1) J¥ 51 A L ¥ 8 & ,
YQ-2 5 WA% 9K F & (Desulfovibrio) i ¥ 51 A
RS . W RS LT R EE R &
BH, YQ-15 Proteiniclasticum ruminis DSM
24773 strain D3RC-2 R4 K R, AHLE
BH T 100%. YQ-25 Desulfovibrio vulgaris
DSM 644 %K F i, AR [ A 35 3
100%

BGEG 15.0 kV 12.9 mm~=25.00 k SE(UL) 3/30/2022 (0.2 pm

Strain morphology diagram of the sulfate-reducing bacteria YQ-1 and YQ-2.
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100 r YQ-1 (ON176157)
Proteiniclasticum ruminis DSM 24773 strain D3RC-2 (NR115875.1)

94 Clostridium oceanicum DSM 1290 (NR117136.2)
Clostridium guangxiense ZGM211 (NR117136.2)
Clostridium polyendosporum PS-1 (NR026496.1)
Clostridium polynesiense MS1 (NR144690.1)
Clostridium frigidicarnis SPLTTA (NR024919.1)
99 Clostridium tertium JCM 6289 (NR113325.1)
100 Clostridium tertium 795 (NR037086.1)

100— YQ-2 (ON176158)
96 Desulfovibrio vulgaris DSM 644 (NR041855.1)
4 Desulfovibrio simplex DSM 4141 (NR117110.1)
100! Desulfovibrio simplex JCM 16812 (NR113296.1)
38 Desulfovibrio cuneatus STL1 (NR036969.1)
Desulfovibrio marinus E-2 (NR043757.1)
80 Desulfovibrio vexinensis DSM 17965 strain VNs36 (NR043757.1)

Halodesulfovibrio aestuarii NCIMB 9335 (NR116770.1)

100| r Halodesulfovibrio marinisediminis DSM 17456 strain C/L2 (NR041631.1)
96L Halodesulfovibrio spirochaetisodalis JC271 (NR156048.1)

100

L 1
0.020

2 B YQ-1. YQ-2 FAtEXE#KEY 16S rRNA EE RGZ itk & & #H

Figure 2 Phylogenetic tree based on 16S rRNA gene sequences of YQ-1, YQ-2 and other related strains.
Numbers in parentheses represent the NCBI reference sequence; numbers at the nodes indicate the bootstrap
values on N-J analysis of 1 000 resampled data sets. The 0.02 scale bar represents 2% change of amino acid

residues.
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