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Abstract

Acid mine drainage (AMD) pollution is one of the most serious environmental problems restrict-
ing the development of mining industry. Sulfate-reducing bacteria (SRB) treatment of AMD is a
low-carbon, environmentally friendly and economical technology with broad application prospects.
In this study, a group of sulfate-reducing bacteria (SRBs) were enriched from coal seam water in coal
mines. Desulfovibrio, Desulfosporosinus and Desulfurispora were identified by high-throughput se-
quencing. The growth, sulfate reduction and Cd?* removal of SRBs at different initial Cd2+ concen-
trations, and the changes of microbial communities in simulated AMD at different heavy metal
concentrations were explored. The results showed that the ODgoo gradually decreased with in-

creasing Cd?* concentration and the removal rate of SO!” and Cd?* also gradually decreased. The

reduction rate of SO} and Cd?* also decreased gradually, and the removal rate of SO} and Cd

could reach 100% when the concentration of Cd?+ was 5 mg/L. Using high-throughput sequencing
to study the characteristics of microbial communities in SRBs treating mine acid wastewater with
different concentrations of heavy metals showed that the increase in the concentration of heavy
metal ions within a certain range did not significantly change the community structure of the SRBs.
The SRBs have good tolerance to heavy metals. In addition, microbial correlation network analysis
showed that the bacterial genera Desulfosporosinus, Desulfovibrio, and Desulfurispora with sul-
fate-reducing ability jointly promoted sulfate recovery. Therefore, it has good sulfate reduction
ability and heavy metal tolerance, and can be used for the treatment of acid mine wastewater
containing heavy metals.
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1. 5|15

B B A RS BB YIT RAEBE IR L R 2 S BRI 1L R K (AMD) I 4 1].
AMD FEE)E . FRREEA pH K4, MUK, SHEHIE. B, A KAEEN
FET, WA Re MR R P AR ATENE, REOPREA R B A BRI (2] [3]. IR ARER H Ak
AN KON R K KPR, SRR K A AR A A BT R A JiE - AMD RS A7 1R K HE )& JT 3R (Cu,
Fe. Cd. Zn, Mn )2 HAEDE RN SEMEIRT, BEANREIE S L8 E PR R GE e et
B[4]o W(CHIEN—F T AL SR CER g 2 M T AR T, s fih ., gk, &a.
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B 5

BB &2, id0k. & JE A O MHES, SiERSoK. =R A5 4 5]. Cd #E AN
JEEBIMA RS RERG. EHARS, BERLIEME. RAEHF AL (WHO) FIE, RAKH
B R SR FE AR FFTE 250 mg/L BAFR, X THELesJE, nee. 8. 4, @UORE 2 HMKT 3 mg/L. 2 mg/L
#110.003 mg/L (WHO, 2008). [Hlith, #1244 AMD JE/K#EN H R E 42 0 H 2,

HAT, FHTHE AMD MEARGYEEARE 78 #H RIBEMRH) . EHEARRAEYEAR[6]. b5
FAR— @A N Ca(OH), 5% CaO HEATACEE . SR1T, IXFh 54 s A S DTE AR E, WIRETI R =
W5 g, WG BRAR 7] EEARH T BA RAR G A 2 v, IERRECRMEZ . AMD
PRIl A A A 3 % ) R 7K R B Nt R #8348 Ji7 1 (Sullfate-Reducing Bacteria, SRB), SRB A W3 T4 K
U, HEIRER ERAE N %o 524k, I ERTRAYIIEAE R HCO; , P 5 &R B T4 ST AT
VIR LR E SR B, AR HCO; I8 v] LA Sis g, 6% pH N4 )8 B 11k nf DUY S A ik
TR AR TE 2B — 3 E 4B [8] [9]

SR, SRB TESEPRM FH FATAEE— S/l fE. filln, . pH. SO WRE. HEEBIKESEHERH
FoM SRB AR, HEMISZm KA FR AR . SR, SEA B ARV SR 257X SRB R HAH G B B
BIFZMA10] [11]. Rk, ARBFFEEH F2 W8 Z K KR S S — R S SR A, PR T &
CA W IR KA TR, UK 48R EXT SRB S H A SCHBERIRL M o 0F 78 R X SRB 7E SR 1 IR
KA B A S bR B B TR 5

2. LM
2.1. MREERE

2.1.1. K7

A2 E KRR AN . Sk e, BERRE . RSN, PR AR, PURMER. SU4bEE. &
5. @Al K OHE. Rk, AN, EhER. HXIREF A A el
2.1.2. (B8 %E

A S5 S FH A 2R A5 TR S 40 R . DHG-9053] AURS B8 5 8 A T840 (B = RRFHAC A TR A
Al 721 BUAT UL 6 (B AR PR AR A IR A A AL104 Y7 RSP (HERE ) - F0R) 24038
(LB IRAF]). SPX AUEMR FRF(T M HTL R ARG RA ). YXQ-LS-18ST B F#E Rk /17875 K
P AR T 22 BT 23 ) HC-3018 T v i B DAL (22 Bh B B A B A TR A 7)o
2.2. LI

2.2.1. RERBTFRENES

Figurel. Enriched sulfate reducing bacteria
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N

K 5 mL REIR K URCK R IR IR AR B AN DT I R B R 22 847 100 mL KT Postgate 15 7R 2L 1 IR
FULCE D[12], B TEREFRAE T 30°CRi R, BEREFFREMEOAR, WHLNERD & RERR
IR AT T2 EIRRAE R E 4R 3~4 K, 125 SRBs BN

2.2.2. SRBs IR EREK

Fii il 100 mL Postgate 15773, #E SO HIIREEA 1000 mg/L, CA*HIIREES 1 5. 104 30 mg/L,
120°C =i K 1 20 mine SR8 fE IIN 5 ml Ab 6 £5H 1) B % 6 08 J5 B R, 76 30 °C IR FEIR 15 77 46 R R 97 192 he
A0 24 h ME A A K R (ODgoo)s  FEF 48 h M 4% SO Al Cd> K .
2.2.3. E€EREXT SRBs BIFfHIR M

BLSEPR AMD 407 1), WEMK. . SmEAESEIRE, 508 S%MmRR IR R, &
THEERIEFRM R 30°CH R 30 KRG, W WREEAT Sl & 00 5 20 0 A B 1R A2 Ak

Table 1. Simulates AMD composition
= 1. =30 AMD B4y

43 /(mg/L) W1 W2 W3
SO,* 1000 1000 1000
Ccu** 0.65 15 3
Mn** 1.5 3 6
Fe** 3 10 30
cd* 0.5 1 2

23. FAE

KB ODgoo IMBEIME A K& [13], RURAE KM B UK G SRS, 7R Ah-RT WLy
AL 600 nm AbI s FWR G o SR SR 4> Y E VA (H/T 342-2007)F 420 nm Ml 2 SO;™ (K SE .
KA CaHIME S ] (KB Cus Zn. Pb. Cd MIIE—— TR Y6 IL(GB 7475-87)) « K&TH
BEFROHAT B0 I R SR AE g2 T AT D@ R Y, JER A SEM AT RAE o Cd RN 10 mg/L
& B RE IR 8000 r/min #5.0 5 min, Fl X HHERATH AR XRD)IM & Y24l 5 -

3. ER51T1i8
3.1. REBETFEENEEREE

M ZE K E B — HIRER 518 JF B #E(SRBs), 2 57T SEM RAEA S =N F o 8T. 4558
2 ffizn. KH SEM FAEJT 20145 #1 SRBs B U1K 2(a) SRBs WA ZIFPIR, TEHEE. xR (A
RAGME KT ot Bost NG @ iR HE JR B iR . 290K, AR, 91284 E 7 15 2
R 8 T B N B 8 o il W R4S B RE A W 1] 2(b),  FZ AT R & (Enterobacter) 31.46%
o B AH IR & (Klebsiella) 19.82%- A M 1 J& (Pseudomonas) 13.26%- IR E J& (Desulfovibrio) 12.26%-
NI B B (Acinetobacter) 5.94% HIR ZE 1A 1 )& (Clostridium) 2.02%2H .. AT B )& (Enterobacter) 1,
T A IR & (Klebsiella) & J& T HeVEIRATE &, K &R 1R AT #4772 T I AK
XA TR A T A AN S 22 BRI B 5 EPS 20 il BT B A LA, I 2B R FLIR, 3K G ] B 4
F ] LAY SRB A MB 75 HAR Y R FH[14] HoAth— LR ST iR 18 , — LR 2 FAF B 42 SRB IR AFI[15].
% A I AR IR & (Desulfovibrio) ] UAEAR IR #h 14 JE i Ab &, 18 BIE AR R 25 1 H iI[16].
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Figure 2. (a) SEM characterization; (b) Species abundance map at the genus level

A 2. (a) SEM F1E; (b)E/KF LErFhEER

3.2. SRBs & REK

3.2.1. CA*IREXT SBRs & KA

SRBs HARAELER Cd™, (HRER CA™ R HoA KA NG s A M . ASSLE6 4 B 1 1%
SRBs 7£ 5+ 10 30mg/LCd> MR F A KA, 45 Rl 3 k. MK 3 T LA H, S mg/L. 10 mg/L.
30 mg/L Cd*'fJ SRBs 75l I H AR FEAEKRGL, Fi%E CEIRERIFHR, SRBs K22 T —EfEERM
il Horp CA™IREEAN 5 mg/L Bi 9 SRBs A KAB B LF, 0~50 h AXTEAEKI, 78 50~140 h iR
1, ODgoo B NAH 0.706, 140 h HEANFET-H; CA™HE N 10 mg/L i, 0~24 h SRBs A K5k, 24~96 h 4
YrsEFEan, (HAEKZEN, HAIEH] ODg E 0481, 1F 136 h HEAFETH; CA™KEN 30 mg/L
i, SRBs 0~48 h A KA ALK, 48~136 h AEM BBV, RAYERFE 02 ihi, £ 136 h N

T,

0.8

0.6

ODnao
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Figure3. Growth of SRBs under different Cd*" concentrations

[ 3. SRBs ZE N [E] CA*RE THEKE

3.2.2. SRBs Xf SO #1 Ca*' By =&
SRBs FEANE] Cd* ik B N AR R 538 SR AT Cd* = BRI 4 . &l 4(a) SRB #EANE Cd* ik
TRTRERER L R . AT LA Y SRBs 7E 5~30 mg/L Cd> W & rhonf B % 6 134 JR R L i, 48 h N TR R
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N

IO A B A E] 99%. B [OBLN IRIRIIEIN, BRER AR IE SR A R R, AT RS RN B AT Cd” IR B
e, % CAHIRMRM S RAEH. SO AR, SO FEE TN, MERNMKEK, cd™
ML IEH . SO FUBRFIC R FEHAERE, Naidt CI'y SO;  Na S5 & FIIR, 3 U bt 8¢
LR EIARN SO IREIFEHA[17]. SRB X CA* ik JE S a ik E 23 EFH A 4b). 24 CEWREN S
mg/L i, Cd* R ATk F] 100%. 1% SRBs % 10, 30 mg/L Cd* )2 [ R e e Al ik ] 70%, W68 1 %41
AR RELEE TR G RN . 25 EATR, 2R Hh 16 I i B T UGB & 5 CA™ IR IR K

5
N = 1 [
B 30 ] -
—

80 =

%
S
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Figure 4. Reduction rates of (a) sulfate and (b) Cd** by SRBs.
[ 4. SRBs Xt (a)FRERELF(b) Cd™ ROIE R

3.2.3. LEMSH

¥ CARFEN 10 mg/L B538P PTE T SRS A S5, XL T X H A8, viiew
(L ] 5 BIT7R o B i FR T 1 20 WRSC UG 55 A o T P v P R A Ve S AR W 4 LA AR5 o 67 88 A4 S I R 88
A1) XRD FrE i B 51 2 TVE A CdS, X S A1) (220)F1(331), RFfiElE 20 4 26.3°, JCPDS
RAUESE CdS SRR diis . (B2 el CLe 4 55 A0 0K AR TS T B oA 44 R 40 2, 101 Cd(OH), - XRD
PR LR B3 — DA 7 SRB Xt SO MR ALIE A i) 8* 1T LA H 4 Cd™ T iR AL e -

*—CdS

il
\ I | .

I RCELR [V IO
| | JCPDS NO.10-0454
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Figure 5. XRD characterization pattern of 10 mg/L Cd** concentration culture

[ 5. 10 mg/L Cd* RIS 7480 XRD FRAEE

3.3. WEYSH

3.3.1. WEMBEES MY
T Alpha ZFEMES01T R, 35 Shannon F840F1 Chaol #6841, W 6 Fizn. KA Shannon FEEIFAN
WM ZFEERAME, Chaol FRECTM M AEY F & E[18]. HIER A, fESLIRizfrid#Ed, Shannon fi
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AR EIR OTU KT BRI RN 2 FEVEIZHT 1 TT, Chaol Fa%5 2 B My == 55 B2 S T vt i W el IR 0
fath . SRR, HE BRI BE 512 1% SRBs WA 2 FEMERI 5 B FEMK, 2% SRBs X H &8
WL BAT BUF IO 52 1. I8 I E e R IRE VLN, SUEWIZrerE. Y5 BRI 5 L R R RN A 4E
Kz LIt RU KRG AR AR @, SRBs WA e, BRERHIE EA H 4 )8 25 bR o)

LRI

(1 Shannon [ Chaol

3 f 4200
=
g 2 o
= =
g 3
= {100 &
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Figure 6. a diversity index of OTU level (W1-Concentration 1, W2-Concentration 2, W3-Concentration 3)
6. OTU 7K o ZHMIEHWI-KRE 1, W2-iRE 2, W3-IRE 3)

3.3.2. BT LRORE MR R S AT

Firmicutes [l Actinobacteriota  [Jjjj Bacteroidota

M Chloroflei Il Dependentiae Ml Desulfob I Campilob a

Figure 7. Correlation network diagram of different heavy metal concentration levels

7. FTRIEERBIRERKT LHEXMMEE

FEJ& KT EIERUS FEEHEZ AT 50 A2, T HRE] Spearman G R HCR SRR ARG . 2474
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MRV Z B H P <0.01 I, M2t 2 M2 B RmE 7. Rt iEd, 5 S AR
1) B JB 4 ST A 25 76 B & (Desulfosporosinus) « BB 5N B J& (Desulfovibrio) Wi A= 71 6 J& (Desulfurispora)
GHR)E T IRA R B o X UM IR ER 2638 SR B o] LA R ER R, BRI R ANy F &4, B, TIREERNE
SEAEABRIE AN A, R RO ER SR AN AR AR R 25 78 2 R FEL 5248, FFIE RN HoS [19]. 1 HARZS N
2% 7R Desulfosporosinus 1 Desulfovibrio Desulfurispora 278 IEARI<M:, 1y ELANJE B RIRCE Y B,
VL T 0RER 2hE IR B 72 e S I EZAE R o Oxobacter 5 Desulfosporosinus £ 1EAIZR, Oxobacter 7&K
HEE, AU CRATT IR, MIYKsh SRB {Rlf. Clostridium sensu_stricto 7 ;&R W FH Clostridiaceae) N
FI—Ng, FEWA S, 5 Desulfosporosinus. Desulfurispora 21EA1SE, Clostridium_sensu_stricto 7 7&
LYEPA R HALL SO, A2k, SMRME LSRR, FLARIEMC. XLy R A MY T G 7E R
G i R IR s SR R R R AR

4. Z5ig

AT FE IR 27K ' S — 2 B R 2R I B TE(SRBs), £t iy il s I 7 45 5 A IR 6 A Ji R
1099 AR 25 i #4188 (Desulfosporosinus)~ BRI J&(Desulfovibrio) Wit A f T J& (Desulfurispora).

1) i@ XF% SRBs fEANR] CA™ IR FE R IR K . TREREEAN Cd™ 1 23 BRI 10 DA B AE AN 7] B 4 a8 ok B PO A
B AMD T EVIREE AR, B CAPREZRIIEIN, SRBs WREMERKEMEIZHTFK. X4
CA*RFEN 5 mg/L B, ODgyn SO EJFEF Cd* Z:pr¥IEFEIE A, 4514 0.706+ 100%F1 100%.

2) WA Z RN R, —ElaE N, R IR RIS B3 L% SRBs Bk 45
o thAh, BABER EhIE I RE 7 0 B R i E?@i)%(Desulfosporosinus)\ 5t I 68 J& (Desulfovibrio)
it i A F 1 J& (Desulfurispora) 5 HoAth B J& 3% [ (2 ZE B2 #h ik R BRI & AR, B RS e 3 B AR o

3) #T1% SRBs A A RIFHIER L JF R /) E SR 21, ATH T & EE&BIRIET LR KIEH,

EHEUmHE

PEE B X 3 AR 2R & HFE R S 00 H 42106151); 1L R4 B AR H RS m H
(ZR2021QD103).
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