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physicochemical properties will be changed significantly, which would affect the whole microbial
community structure. [Objective] The changes of bacterial and fungal communities before and after
treatment and their relationships with physicochemical parameters were analyzed to provide reference
indexes for the treatment of acid mine drainage and theoretical basis for the remediation of
mine-contaminated sites. [Methods] Acid mine drainage in Zijinshan copper mine, Fujian province was
collected, followed by analysis of physicochemical properties. The microbial community structures of
water samples were analyzed by high-throughput sequencing technology based on 16S rRNA gene V4
region of prokaryotes and 18S rRNA gene ITS sequences of fungi. [Results] Compared with the pit water
and leachate from the dump-leaching, the back water showed a higher pH and a lower content of heavy
metal ions after the neutralization treatment. The diversity of prokaryotes was higher than that of fungi in
all samples, and the microbial diversity of back water was higher than that of pit water and leachate.
Proteobacteria was the most abundant lineage in the back water, and Euryarchaeota and Nitrospirae were
of the highest abundance in the pit water and the leachate, respectively. At the genus level,
Hydrogenophaga in the back water was the dominant group, while Leptospirillum was the dominant
bacterium in the pit water and leachate, and archaea such as Ferroplasma also accounted for a considerable
proportion. The pH, Al, Mn and Zn were significantly correlated with the genera with high relative
abundance in the back water, while the high-abundance groups in the pit water and leachate had no
significant correlation with the environmental factors. [Conclusion] The study indicated that the
neutralization and precipitation treatment of acid mine drainage imposes a great impact on the microbial
community, and the changes in microbial community structure could be used as a reference index for acid
mine drainage pollution treatment efficiency.

Keywords: Acid mine drainage, Physicochemical parameters, Prokaryotic microorganism, Fungus,
Microbial community
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1.1 FERFIFLEE

DNeasy PowerSoil DNA #2074, Qiagen
/Al PCR OGRAIE, wMEREAE YR AT FRA A
il g AR &, RARA LR (b)) B R A
Ao pH I, BB A= GRS B A PR A\
PCR X, JbmtZR QB AEMRH A PR AR] ; HLS
A B TR RSB, Agilent 247,
1.2 HeEEREBUHERNE
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PIHER (R R S K o S8 4 IR 15 A 7K b B
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FE SRS I A R FL B A T R, IR A
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T 25 A BRI HL R 38U 7™ A 1) 19 7Kk A K Ak 38 2R
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IKFARER 25 o BEFUKFESAREE 3 0y, By 10L, G
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FK. FIRT-80 °C fRIF&H . BdZ e K FEY
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DNA, iz & R IR Wik, AT ) s 4 B 2
FE B 5 R 4l DNAY . SR ] NanoDrop
ND-100 il 5E $EHUY DNA ¥, SR e e s ik
WELHR I DNA SE88 1k

KM@ A5 515F (5'-GTGCCAGCMGCCG
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2.1 IKEEEEMER

3 ANFE G AL LR 1. BTBUKAY pH I
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Table 1 Physicochemical properties of water samples
from Zijinshan copper mine

T H Item S1 S2 S3

FRTHE pH  4.55£0.01  1.45+0.02 1.89+0.01

HL A7 Eh (mV) 297+3.2 576+5.8 458+6.9

£ Al (mg/L)  1.5+£0.6 1 486.3+6.7 1 876.3+40.2
fifi As (mg/L) 0.140.05 35.840.6 82.742.3

#il Cu (mg/L) 1.4+0.7 2 608.7+11.0 1 861.0+47.2
# Fe (mg/L) 1.8+0.5 7 788.7+£53.5 12 143.3+260.1
4 Mn (mg/L) 1.8+0.3 19.240.2 23.7+0.5

B Zn (mg/L) 1.940.8 325.2+3.8 325.3+7.4

TE: S1: [K; S2: HhiK; S3: RN
Note: S1: Back water; S2: Pit water; S3: Leachate from the
dump-leaching.
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SRR E YD VA ORI ELTE TTS I A0 78 56 1 135 5
99.9% LA I, FREAM Fa5 RO R RN R
FAEBL . WK §HUK R B V4 XY
Shannon $5 %0558 2.95, 2.57 1 2.76, Simpson
R 0.87, 0.83 il 0.87, FLE ITS IFHY
Shannon #§%%43-%°% 1.87. 0.91 1 1.27, Simpson
FREAHIA 0.68, 0.50 A1 0.53, B ULIEIK AP Fh
ZREE S T ORI R, IF R REY

) ZRE R T E . HI 97% M7 5 AH RIS
93 N—A~ OTU, JEAZRUAEY V4 XK ST, S2 Al
S3 434FEAE 216, 216 #1218 4~ OTU, & OTU %
h 244 4>, 3 AAFESIEAT RS OTU £ 167 4>, A
OTU %1% 68.4%, X 167 NIAT OTU Wy 5 i
YRR 97.3%; ELB ITS MFF4lr=4: 133,
113 1 124 4~ OTU, & OTU %k 167 4>, 3 4kt
mndEAT Y OTU 2 72 4>, i B OTU %411 43.1%,
X 72 A OTU By F B8 i B 1Y 90.8%.
23 REMEMEEE AR

3 LK ) SRS A P T S R A B DL P 1
B 20 ITTKE(E D&, s eE Y oA
7E 19 AT rh, UK RIASTE ] (Proteobacteria)
R R, ik 75.4%, HUKCHPERT#T
(Verrucomicrobia, 7.1%). JEREW ] (Firmicutes,
6.9%). fHALIRTE [T (Nitrospirae, 3.5%)FIHUFT B
I"J(Bacteroidetes, 2.24%). W YK R EAZ A
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Figure 1 Prokaryotic microbial community structure of the samples on the phylum level
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Yy RE e i AR R (49.81%), FREEEIRAY
HLIZE](31.85%) . ZFTEHE 1 1(10.3%) FlJEEREE
W 1(4.52%)5 F38h, AT — € il i ar it )
(Thaumarchaeota , 1.1%). = H R AL IREE ]
(50.9%) F B e i, HE BB R A AR B TR T
(17.9%). J BT 1 (Euryarchaeota, 14.3%)F1JERE
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To BSRE, BUKR A RATET KPR 25
F2H RS B B K FTR HR ) 22 A, TR S K
FIER R A YIRS AR

MR- 2)F 1K 3 B i ) 2
& )& (Hydrogenophaga), 1M 29.6%, HUK N
% J& (Thiovirga , 12.4%) #1 ¥ # J5 & )8
(Novosphingobium , 10.8%) . HiL 74K %t W8 fR B 1)
FEARMK, W R B AT I 8 (Acidithiobacillus
0.23%) . "EWR AR (Acidiphilium, 0.63%)FIALFT
W (Sulfobacillus , 0.45%) , {H J& £ iy U2 JiE B8

—

S1 S2 S3

2 HEMERKTLMEZMEYRIEEY

(Leptospirillum) A % = B FEE(3.5%) . # Hi/K 4
MR B L (31.8%), WA LB R, 8
TR A-plasma . 25 # & (Ferroplasma) MR
JE 8 (Acidiplasma) i) FFE 43 5 16.3% . 6.2%F1
13% . 6 7% 1 & Y & , — Fl' Unclassified
Ferroplasmaceae HIFIXT E LR T 17.02%, £
KA AT REAETEHN I Ferroplasmaceae Y. 1T
TERHUK A ) Fe B Ec s, AT RE R PR A o an gk o
FBR X pH AT A2 MEAREE O, Al BRBRAT I
WA RG], MXFEER 7.5%. ST 5iKMHE
oL, B R P O S TR R A s MR TR R, (R
X EREE R, N 50.9%. 45 e 8 7R £
BRVEA 1 B2k AR A SR G IR T I Y A
XFFRER 16.1%, BiAbFF I (Sulfobacillus)y 10.4%.
A-plasma (6.9%) . Bk it I J& (3.1%) Fl iR it I )&
(1.9%) AT — & M EL i, H 2 FR BT 1R 11 B 131
WA (0.07%) .

Novosphingobium
Thauera

Hydrogenophaga B
Thiovirga

Arenimonas 1.0
Porphyrobacter

Lacunisphaera 0.5

Unclassified Rhodobacteraceae I
Acidithiobacillus

A-plasma

Unclassified Ferroplasmaceae

Unclassified Thermoplasmataceae

Acidiplasma

Ferroplasma

Leptospirillum
Lactobacillus

Helicobacter
Ruminococcaceae UCG-002
Acidiphilium

Sulfobacillus

Figure 2 Prokaryotic microbial community structure of the samples on the genus level
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TKFE ) EL P RE VR S5 R 2E 8 LI 3 R 4 AT
KF(E 3)E, 3 HEEMNZENA R, FRET]
(Ascomycota) HAXTILHLERE, 76 3 AMEMTH AT
FESY IR 98.2% . 99.4%F1 98.9%, FAEJEIN N

Ascomycota X} FRVEIRIGE W 32 4550 . M & K
(F 4F, BUKFIE 5K SR R ) LR 75 25
Z RV o [\ K R R S A o it &R
(Aspergillus, 54.6%), HUCHEEHFE Verticillium,

23.1%), MiTi2E5E)E(Gaeumannomyces, 2.8%). 4h

S3 S1

3 #MAINKFLHMERREESN

2.0
Ascomycota I

Figure 3 Fungal community structure of the samples on the phylum level

S1 S2 S3

B4 #HRERKFLMEEREEN

1.5
Mucoromycota
1.0
Basidiomycota
0.5
Mortierellomycota I
Chytridiomycota
S2
3.0
Unclassified Dothideomycetes '
2.5
Saccharomycetales fam_incertae_sedis
2.0
Lichtheimia
1.5
Plectosphaerella
1.0
Rhizopus
0.5
Neurospora

Unclassified Fungi
Gibberella

Unclassified Ascomycota
Unclassified Didymellaceae
Aspergillus

Penicillium

Unclassified Coniochaetales
Unclassified Eurotiales

Unclassified Trichocomaceae

Figure 4 Fungal community structure of the samples on the genus level
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2 J& (Exophiala , 1.6%) 1 2 J& (Penicillium ,

11%) WA — & B EL ], A& 8 PRl AR X 3= 34
TE 1%L o TEF- K, KRGS B AR 3= 5
R, HH Unclassified Trichocomaceae RIS
T, HAAXTF R E] 64.1%, Mok H Eurotiales 1)
RIEFEEFEAXT FER RN 26.7%. M 51 HH
XTSI 4.3%H1 1.0%. BT, 8k

#2 HeMERTSHEMFERSHR&EEMBEXE

LR, HIXTEREN 61.8%; HIK N Unclassified

Coniochaetales, FXTHFE R 35.4%, HAMISHEN

AT B ARG

25 WEMBEEMEINMEEFRXAR
IKFERREE R~ 5 R0 T B IR R Y 20 AN AR T

JEIASEIR 2. WNE 2 ATLIEH, pH, Al, Mn

A Zn SHEKAUAIAH O ERG®, 11 Eh, As. Cu

Table 2 Correlation between environmental parameters and prokaryotic genera with high relative abundance of the

samples
J& Genus PR HL AL Gl fifg G| (7 ki B
pH r/(p)  Ehr/(p) Al r/(p) As r/(p) Cu r/(p) Fe r/(p) Mn r/(p) Znr/(p)
Hydrogenophaga 0.990 —0.848 —0.982 -0.819 —0.942 —0.938 —0.983 —1.000
(0.010) (0.152) (0.019) (0.181) (0.058) (0.062) (0.017) (0.000 1)
Thiovirga 0.991 —0.852 —-0.980 -0.815 —-0.945 -0.936 —0.982 —1.000
(0.009) (0.148) (0.020) (0.185) (0.055) (0.064) (0.019) (0.000 2)
Novosphingobium 0.990 —0.850 —0.981 -0.817 —0.943 -0.937 —0.982 -1.00
(0.010) (0.150) (0.019) (0.183) (0.057) (0.063) (0.018) (0.000 1)
Lacunisphaera 0.990 —0.849 -0.981 -0.818 —0.943 —0.938 —0.983 —1.000
(0.010) (0.151) (0.019) (0.182) (0.057) (0.062) (0.017) (0.000 1)
Unclassified 0.990 —0.850 —0.981 -0.817 —0.944 -0.937 —0.982 —1.000
Rhodobacteraceae (0.010) (0.150) (0.019) (0.184) (0.056) (0.063) (0.018) (0.000 2)
Thauera 0.989 —0.846 —0.982 —0.821 -0.941 -0.939 —0.983 —1.000
(0.011) (0.154) (0.018) (0.179) (0.059) (0.061) (0.017) (0.000)
Leptospirillum —-0.857 0.583 0.979 0.969 0.741 0.999 0.975 0.924
(0.143) 0.417) (0.022) (0.031) (0.259) (0.001) (0.025) (0.076)
Porphyrobacter 0.991 3 —0.854 —0.980 —0.813 —0.946 —0.935 —0.981 —1.000
(0.009) (0.146) (0.021) (0.187) (0.054) (0.065) (0.019) (0.000 2)
Helicobacter 0.991 —0.854 —-0.980 —0.813 —0.946 —-0.935 -0.981 —1.000
(0.009) (0.146) (0.020) (0.187) (0.054) (0.065) (0.019) (0.000 3)
Arenimonas 0.989 —0.845 —0.983 —0.822 —0.940 —0.940 -0.984 —1.000
(0.011) (0.155) (0.017) (0.178) (0.060) (0.060) (0.016) (0.000 1)
Lactobacillus 0.893 -0.933 -0.717 —0.440 -0.934 -0.607 -0.718 —0.832
(0.107) (0.067) (0.283) (0.560) (0.066) (0.393) (0.282) (0.168)
Ruminococcaceae 0.995 —0.867 -0.973 —0.800 —0.954 —0.924 -0.975 —0.999
UCG-002 (0.006) (0.133) (0.027) (0.202) (0.046) (0.076) (0.025) (0.001)
Acidiphilium —0.435 0.040 0.704 0.927 0.251 0.809 3 0.694 0.565
(0.565) (0.960) (0.296) (0.073) (0.750) (0.191) (0.306) (0.435)
Sulfobacillus —0.488 0.104 0.699 0.921 0.312 0.784 0.681 0.603
(0.512) (0.896) (0.301) (0.079) (0.689) (0.216) (0.319) (0.397)
Acidithiobacillus —0.448 0.766 0.133 -0.279 0.614 -0.029 0.147 0.308 9
(0.552) (0.234) (0.867) (0.721) (0.386) (0.972) (0.854) (0.691)
A-plasma —0.788 0.970 0.552 0.155 0.894 0.411 0.565 0.687
(0.213) (0.030) (0.448) (0.846) (0.106) (0.589) (0.435) (0.313)
Unclassified -0.504 0.807 0.196 -0.220 0.664 0.036 0.210 0.369
Ferroplasmaceae (0.496) (0.193) (0.804) (0.781) (0.336) (0.964) (0.790 (0.632)
Acidiplasma —0.873 0.727 0.926 0.775 0.819 0.908 0.935 0.898
(0.127) (0.273) (0.074) (0.225) (0.181) (0.092) (0.065) (0.102)
Unclassified —0.542 0.832 0.240 -0.176 0.696 0.080 0.254 0.410
Thermoplasmataceae (0.458) (0.168) (0.760) (0.824) (0.304) (0.920) (0.747 (0.590)
Ferroplasma —-0.824 0.982 0.611 0.222 0.919 0.478 0.625 0.733
(0.176) (0.019) (0.389) (0.778) (0.081) (0.522) (0.375) (0.267)
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M Fe SHEIEAEMMPMEIERSS. pH 5
Hydrogenophaga . Thiovirga . Novosphingobium
Unclassified

Lacunisphaera . Porphyrobacter .

Rhodobacteraceae . Thauera . Helicobacter .
Arenimonas X Ruminococcaceae UCG-002 FHHX
FEREZIEMX, 1AL, Mn, Zn5XLEEEK
MXTFERERMILE, Al, As, Fe, Mn 5§
Leptospirillum B FIXF B i % EASE, Eh 5
A-plasma Fl Ferroplasma WA X} 3 B I 2 1EAH G .
IKFEFREE K SRR 3= B R i A 10 A LI e
JE B SCE LS 3. Hi, pH 5 Unclassified
Ascomycota . Unclassified Didymellaceae .
Unclassified Dothideomycetes HJFIXT = g 25 1E A
K, T AlL Mn. Zn W5 _FIRGEJE AR B 2
AN, Al, Fe. Mn Y Aspergillus. Unclassified
Fungi M Gibberella .3 A G . BRILZ4h,
Aspergillus (AR PR Y pH BEZIEAHSE, 5 Zn
WEGAK, Gibberella 5 Zn W MAHK. Eh,

As 1 Cu 5 B LA A B A0

x3 HRMERTFSHEMFERSEEERBRAHEXME

3 Wig

W LK R pH BRAR EL 5 A Sk S I 4R
BF, R PmAT B R, xR R
Ark L EE, WA WK YA
To, WEIRHMELE R0 sy, 14 JE
JEMAENST R, B AL AR HER R K 22 R
FAM 2 BB EE R &7 b K pH, 44k
PRI A K BR T DL Rh AL 2 BORPEM b BRAGLR
Hh, T AT LI R A R 4 R A A W K A
EEA i UE =T TN

AW RAE T L4 T 5 HUK AR B,
XA pHARML . AR B TSRS, &
A WA ER TR LR K RRAE . [RIERSR AR T H AN
DLVEAL PR G WK AE(IRDK), A FRJE B97KEE pH B2
FHE, MESREFOLBEEMRMAEE. KA
HTF 16S rRNA FER A ELEE ITS W7 B AR T
3 KA SRR L P R TR TR 24, Rk
(AT W T 2L S AN [R) T 3 7K RIS T
W B0 K IR VB H LA 6 i R T T S5 JHL TR A ity g R

Table 3 Correlation between environmental parameters and fungal genus with high relative abundance of the samples

J& Genus TR B CER A Gl i il R £ B
pHz )L Ehrp) Al A ) i) Ber @l Nz ) Zari(2)
Penicillium —0.451 0.051 0.709 0.939 0.265 0.810 0.695 0.580
(0.549)  (0.949) (0.291) 0.061) (0735  (0.190) (0305  (0.420)
Unclassified —0.430 0.072 0.698 0.873 0.263 0.798 0.695 0.552
e 0570)  (0.928) (0.302) 0.127)  (0.737)  (0202) (0305  (0.448)
Unclassified —0.414 0.742 0.096 -0.315 0.584 —0.066 0.110 0.273
sl (0.586)  (0.258) (0.904) 0.685)  (0.416)  (0.934)  (0.890)  (0.727)
Aspergillus 0.979 —0.814 -0.992 —0.852 —0.920 —0.958 —0.992 —0.998
0.021)  (0.186) (0.008) (0.148)  (0.080)  (0.042)  (0.008)  (0.002)
Unclassified 0.854 —0.600 -0.974 —0.939 —0.748 —0.990 -0.974 -0.916
Fungi (0.146)  (0.400) (0.026) 0.061)  (0.252)  (0.010)  (0.026)  (0.084)
Gibberella 0.938 -0.725 —0.100 —0.911 —0.854 —0.980 —0.999 -0.978
0.062)  (0.275) (0.000) 0.089)  (0.146)  (0.010)  (0.001)  (0.022)
Unclassified —0.464 0.778 0.151 —0.262 0.629 —0.010 0.165 0.326
e 0536)  (0.222) (0.850) 0.738)  (0371)  (0.990)  (0.835)  (0.674)
Unclassified 0.990 —0.849 —0.981 —0.817 —0.943 —0.938 —0.983 —1.000
isearenie 0.010)  (0.151) 0.012) 0.183)  (0.057)  (0.062)  (0.017)  (0.000 1)
Unclassified 0.977 —0.829 —0.987 —0.826 —0.926 —0.950 —0.990 -0.992
e 0.023)  (0.171) (0.013) 0.174)  (0.074)  (0.050)  (0.010)  (0.008)
Unclassified 0.989 —0.846 —0.982 —0.82 —0.941 —0.940 —0.983 —1.000
D aes 0.011)  (0.154) (0.018) 0.179)  (0.059)  (0.060)  (0.017)  (0.000 1)
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WA Sk FE o, o moK R % R D
Hydrogenophaga J& N L% & J& , Thiovirga #
Novosphingobium WATE = 5 &, X LT JE F L
T 55 Rk B Mk B 4 8 B R R R B
d, WA TR AR KRR, 3 kR
i, LR ILL Ascomycota BIFIXT FEE T . KN
R0 b T e O R R B LD K b B
VIRIREIRS5H, KIR Ascomycota i A7 7E T /KF:
dr, I AR 2 MR PR 12, Auld %P
WA 5% & BRin &K Copper ClLiff FR MK AL,
Ascomycota WRAXT = BEARAG, T AE LA Z2 A
W, Basidiomycota T /) Microbotryomycetes % &5
o MWEIKEE, 05K LIRS 20 B R
BE, BEWH Penicillium RGHIERE, MmIK
H Aspergillus L H#ERE . Amaral-Zettler™ /3 #r
T Rio Tinto FEALRRYVEAKE I EAZIERE, K BlaE
P Pinnularia {AEXE B 5 55 . Baker 2511% #f
Richmond mine H ¥ Sporidiobolus 15 EAZ A MY
b ] B = (37%) ., H: ¥R B Dothideomycetes IM
groups 11 (22%). X245 R R BIAHXS T A A
Y, BEAZAE TR R I K R R o A A
RATHEL, PR R SR

MOKWIFR KT, 3 FloKHEZ [BAFFE R,
DAL I =3 1) G A R VR A AR — o ALY, i
Leptospirillum F1 Ferroplasma %A% Vi %8 BR1H 4= 9 [
FEAFAET pH>4.00 Fy[EDK A, {HOE, PREGIA 7 (E
SIREFWRE . pH XA REREIERH, &
T UEWLE 3 MoK AEXS R R T 22 5
3 o AT AR W TR A5 R S L S BN AR e &
B, pH. Al. Mn. Zn 5EKHAXT 3RS I T
J& N Hydrogenophaga . Thiovirga Fll Aspergillus 1R
SREAHSCH:, MET YUK SRR PR &S FE
H  Acidiphilium . Sulfobacillus . Ferroplasma .
Penicillium 55T J& 5 P35 K 5 B0 135 1A <
P K FEHT7K K2 R i A BT 45 A 1
Wi 25 kR, 8 —SERUAE VR S Ll B Ak Ak
ORI A WP br BA AT AT . BEE A i A=

L PR AT, ol I B AR 1 %
B 1 5 ol TR AT B 4 T TR A B 5 R
MY Gt i e I NTE PN MIEZS X
PS5 E 0 TAEYITFROR, KRR
A BB 2 53 A G A 0 1) 72 A R DA 1 7 AR AR
Blo BEAE P A Bk — 2 AR, RGP
75 W K RE TS G i BURE 2 — R & A R T
S AL Z B0 I (A 4 4D 7
4 Gi

(1) &Ryt re b BAg ™ 1L K (F1K) pH
W T, HAE TR 0 RRAR. MK i
A= ) BB T 5 A ATTRT T A AL A 0K R S R
AIRK2ESR .

(2) pH. Al. Mn. Zn % [EIZK P54 PR 45
P 25 5 T 3K 6 PRI LR % 4 B /KRR H
R T DRV S A T 35 5 T W R R
AR AL AT DA A g T LU K A BRI 48 A
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