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Abstract: In order to explore the microbial communities and functions in distinct environments of acid mine drainage
(AMD) ecosystem and fully comprehend the patterns of AMD formation and development, high-throughput sequencing
technology was used to study the prokaryotic community composition in AMD puddles and surrounding rills in a mining area
in Mengzi, Yunnan Province, China. By combining with physicochemical properties of the samples, we distinguished the key
factors affecting the community structure and analyzed the environmental functions of the microflora. We discovered that the
main phyla in AMD puddles were Euryarchaeota, Proteobacteria (including the class a-, y- and 3-Proteobacteria), Nitrospirae,
Firmicutes, Actinobacteria, and Acidobacteria. Community structure of the AMD puddles apparently differed from that of the
surrounding rills. Microbial diversity was significantly positively correlated with pH, whereas the relative abundance of
Thermoplasmata was negatively correlated with pH and this class might play a predominant role in community structure.
There was high relative abundance of the genus Ferroplasma (6.60%-86.34%) in different samples of AMD puddles.
Acidithiobacillus spp. were the major iron- and/or sulfur-oxidizing bacteria in AMD solutions and sediments, whereas relative
abundance of the obligate iron-oxidizer Leptospirillum spp. was lower, and Ferrovum spp. were almost only present in the
AMD solutions. In addition, acidophilic or acid-tolerant heterotrophic bacteria were widely distributed in the AMD solutions
and sediments, which might promote the growth of iron- and/or sulfur-oxidizers and catalyze the oxidative/reductive
dissolution of metal ores. Our results suggested that pH significantly impacted the microbial community structure of AMD
environment by affecting the microbial diversity and microflora distribution.
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REZU XN F S (RE 103°46'47", b4
23°28'53", HEKZ 1847 m) HRIE R MIBRT KT
Hifige K (Drainage). ULAUE (Sediment) FIAE4)
fi (Biofilm) S RRIFETMFEA, FEMRHE pH m1IK
KSR KT8 B, C. DX, B X RHE 3R
WIKFEA (BD) 1 5 ML FEA (BS), C. D
XA RAE 3R /KA (CD 1 DD) 13 ML
JeFEA (CS il DS), E XR&E 3 MNMEYIBEEEA
(EF). BRW /KILJE I —AbBMKIE (Rill) /4 A
X, R 3ANFEMEKFEA (AR),
1.2 BUSHNE

K FAE 5 XK BT 2 2 8000 f L (Star A329,
Orion, USA) % RAE S BRI | pH FlHL SR 42
B FETABIEMSM LTS (HUT 345-2007)
o, SR e it (DR/B90, HACH,
USA) I ERRI KFEAS [ Fe®* . Fe* il SO~ HeJ% .
BUE EFEA 2B Y (TOPwave, Analytik Jena,
Germany) 4 i S H ACHOIN PR IR J A7 e 2103 Uk
FE, X ICP-OES (Optima 5300 DV, PerkinElmer,
USA) e e & &,
1.3 #HAEFEHEREN

K F DNA #2554 (PowerMax Soil DNA
Isolation Kit, Qiagen) #EHUFEA DNA, Rk
TR AR 025 FEE R /K il vl 2o LR (PES,
®47-50 mm 0.22 um, PALL) DISCEEREA th iy i e
Wy, G BRI R TR 5 i P AT
DNA $EHC. BURRYE A P B A e et &
VR THRI . DNA VAT Tris $hR 2% mhilk
(pH 8.0)H, —20 C¥fyr, mAtatFEICIAL: Yt
FA PR FI 52K 16S rRNA L K4 18 71
1.4 16S rRNA EE 17N FF

PEHE 16S rRNA L) V4A-V5 X114 3+
My . B DNA FEM S E & FEAPR%: (Barcodes)
9514 515F (5'-GTGYCAGCMGCCGCGGTAA-3')
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F1 926R (5'-CCGYCAATTYMTTTRAGTTT-3) T
IR (HiFi HotStart ReadyMix, KAPA) i i
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2.2 BEMW WLHIKIMEREMREEZ MM
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TP IRE L. AR BEVE & E (ACE AN
Chaol) i, HINASIEERUR; B, C. D XZHAE
B, EF FE R, (HIS R, Bk
RE . pH AR RAE X R AT SRR L,
A= PR EAT — 8 AR



ZEN FIREEREREY WWHEKE YRR EFINGE 2039

F1 BEEAHYELFESE (R AR 1 EF, X £3)
Table 1 The physicochemical parameters of all sample groups (except AR and EF, X %s)

Physicochemical

TR BS (n=5) CS (n=3) DS (n=3) BD (n=3) CD (n=3) DD (n=3)
pH 2.37+0.05 2.18+0.11 1.89+0.07 2.54+0.05 2.25+0.05 1.94+0.05
Cond. (mS/cm) NA NA NA 6.06+0 17.240.05 28.55+0.04
TDS (g/L) NA NA NA 2.97+0 8.43+0.02 13.98+0.02
Fe?* (mg/L) NA NA NA 15+1 6 393+111 15 630+42
Fe®" (mg/L) NA NA NA 3 159+3 12 485+17 46 475+46
S0,% (mg/L) NA NA NA 6 933+£306 33 667577 134 0002 000
Al (mg/(kg or L)) 57 264+2 373 54 787+340 55093+1 148 42+2 44421 1547457
As (mg/(kg or L)) 2093.3+214.4 1836.2+76.7 1362.3+23.8 19.1+0.6 151.8+2.1 641.7+8.8
B (mg/(kg or L)) 351.94£53.8 389+53.9 380.1+32.8 8.9t1.4 50.9+8.6 182.3+£24.3
Ba (mg/(kg or L))  147.99+5.36 162.41+9.42 150.26+2.03 0.22+0.08 1.3440.51 4.8+1.86
Ca (mg/(kg or L)) 8 301+1 283 4 129+903 36771294 406+13.8 464.2+2.2 658.3+20.6
Cd (mg/(kg or L)) 24.78+12.8 20.3£7.9 15.88+6.17 0.28+0.09 1.85+0.73 7.72£3.12
Co (mg/(kg or L)) 7.96+0.53 10.49+1.31 13.51+0.57 0.4+0.02 2.05+0.08 8.13+0.28
Cr (mg/(kgor L)) 152.25+12.38  142.45+23.26  145.64+13.63 2.16+0.52 12.47£2.75 52.27£12.31
Cu (mg/(kg or L)) 899.1+683.9 1108.3+408.5 1878.8+45.6 62.3+2.8 363.1+8 1564.3+30.9
Fe (mg/(kg or L)) 101 355+3 067 120 140+1 394 115157+6740 3 107+10 17 910+266 65 250+2 198
K (mg/(kg or L)) 13597+1286 15337£1504 14 751+1 065 0.32+0.56 0.81+1.41 15.52+10.87
Li (mg/(kg or L)) 24.27+0.54 30.5+0.82 30.78+0.61 0.02+0.02 0.27+0.1 0.5+0.87
Mg (mg/(kg or L)) 4709.4+218.8 6 347.8+738.4 6513.1+578.1 254.8+2.5 848.3+17.5 2 988+87.8
Mn (mg/(kg or L))  214.2+64.4 527.2+162 631.8+42.5 30.8+1.3 133.5%3 502.7+9.4
Mo (mg/(kg or L)) 2.59+1.12 0+0 2.6+£2.25 0+0 0+0 0+0
Na (mg/(kg or L))  445.2+26.3 475.7+41.2 446.6+18.8 2+0.6 3.4+1.2 8.7+15
Ni (mg/(kg or L)) 25.63+0.44 32.05+0.23 37.05+1.09 0.55+0 3.04+0.09 12.32+0.33
P (mg/(kg or L)) 3456+216.6 3215.3+125.3 3 482.6+185.6 76.8+2.1 609.2+19.3 2 236.5%76.5
Pb (mg/(kg or L))  192.8+36.6 1 633.6+565 818.6+123.5 0.2+0.1 1.6+0.6 5.3+2.4
Se (mg/(kg or L)) 0+0 0+0 0+0 0+0 0+0 0+0
Si (mg/(kg or L)) 2 260+1 051 4961313 649+435 12.742 30.4+15.1 56+2.5
S (mg/(kg or L)) 20 690£2 024 34 682%3 276 43 438+3 151 2 43047 11 041+332 37 88211 644
Sr (mg/(kg or L)) 46.72+4.44 42.95+1.95 44.82+0.92 0.63+0.05 1.3240.1 2.85+0.09
V (mg/(kg or L)) 145.54+10.8 137.13+17.02 131.05+8.45 0.62+0.45 6.74+1.13 45.73+13.76
Zn (mg/(kg or L)) 117.3£20.1 445.8+62.3 420.4+12.2 17.9+0.6 68.2+2.4 238.4+6

Cond.: conductivity; TDS: total dissolved solids; NA: not available.

2.3 BRMER WHEKINE R AE B EH M

T HFEASL T RS 26 1] 451491 96 1~ H
T HE S AR [ 7R 1 YRR 2 BE i 20 B GAAE )
KB, 7ETTKFE (K 1A) E, AR AL
(Proteobacteria) (66.58%) FIHLIFFI ] (Bacteroidetes)
(31.41%) i FZEMIA, R TFEEIHH CHIMEXTFE
JE=1%); HKWZFHMIEET] (Gemmatimonadetes)
(0.92%) FIWE4NE] (Cyanobacteria) (0.38%), {H
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XPATTE TACF B A KR (AR
<1%). BD H7EIEH] (63.98%) HFEERE; |
W B T] (Euryarchaeota) (17.28%) . fils fk 42 1% ]
(Nitrospirae) (11.82%). EAFTE ] (Acidobacteria)
(4.00%) FIA 432 (Unclassified Archaea)
(1.34%) N F &5/ JEBER ] (Firmicutes)
(0.61%) . FFEIREEI] (Planctomycetes) (0.50%) .
] (Actinobacteria) (0.35%) . Dependentiae
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(0.06%) 1 Diapherotrites (0.03%) 1355 . BS
HTH T (50.12%) (YR EEW] R TS, TERREE
b B RHAL CPIAR FE =50%), AR
(14.49%) FSILIZET ] (12.52%) T (3.04%) .
Diapherotrites (0.74%) F1%¢Z B 1] (Chloroflexi)
(0.48%) AHLL T HARLLHFEfRm. 5 B XHLL,
CD H17iF# 1] (65.51%) Fil Diapherotrites (0.45%)
MY s RlE PR 7K R RN B 1k B ) T
CS #1 DS I T FEREE T &, 530k
55.76%711 86.40%. ‘=M EF o, R
A 96.400%, LAl ] A SR
FENFHKY (& 1B-C) b, BRW /KIIFEA
o B K 49 (Thermoplasmata) # J& 1A H
(Thermoplasmatales) =B fe i H A i), kR
y L H 4 (Gammaproteobacteria) M2 i #T  H
(Acidithiobacillales) IR & (L HYZEHE; My 2B

R2 BHAREMEBHERRK o ZHEMEEH

Wi B ARTE T H  (Betaproteobacteriales) A1k
FEHZERE, DL o BT Y9 (Alphaproteobacteria)
FFF 4N (Bacteroidia) W 3= 27 AE T i 1K
AR o AHAL AR T T HUR I 3 A R R 2N
(Nitrospira) AURSILIRTA H (Nitrospirales), F-ZEf7
7£F BD (11.82% ) 1 BS (12.52% ) H'. o ZTEH
99 Wi FF % H  (Acetobacterales) F1 2 T & 24
(Acidobacteriia) 24T« H (Acidobacteriales) %
34T BD (17.72%7F14.00%) 1 #2540 (Clostridia)
¥ @ H (Clostridiales) 7£ R /K BT 2 AR 4555
fRFJE (0.29%-1.95%). FRHMIA 49 (Acidimicrobiia)
MR B R R FI R A H (Acidimicrobiales)
FE5 T BS (1.82%F1 1.10%) . & BIEEH
(Deltaproteobacteria) ) Sva048582 F1 fi i B 4N
(Micrarchaeia) ) ARMAN-2 £ T BS (4.30%
11 0.72%) F1 CD (2.26%7#11 0.45%) .

Table 2 Clustering and denoising results and alpha diversity metrics of all samples

Sample  OTUs ASVs

Alpha diversity metrics

(n=23) (t=968) (t=801) Counts ACE Chaol Observed  Shannon  Evenness PD Coverage
AR1 574 563 52 674 571.5 573.4 562 6.23 0.05 23.25 0.999 4
AR2 569 561 55 473 5739  589.3 557 6.18 0.05 21.58 0.999 0
AR3 570 561 55 316 561.3 570.7 553 6.35 0.06 21.46 0.999 4
BD1 74 131 47 596 155.6 161.0 131 4.01 0.06 7.99 0.999 5
BD2 96 142 48 219 155.4 162.9 141 4.58 0.10 9.38 0.999 6
BD3 92 146 49 285 161.3 169.3 146 4.36 0.08 9.09 0.999 6
BS1 96 133 53 999 145.6 155.4 131 4.72 0.12 8.32 0.999 6
BS2 89 132 53510 166.3 155.0 130 4.67 0.11 7.87 0.999 5
BS3 76 114 55 378 122.4 119.1 110 4.38 0.10 6.56 0.999 7
BS4 68 112 54 756 119.0 114.0 108 4.35 0.10 6.09 0.999 7
BS5 71 115 54 751 122.9 118.9 115 4.64 0.13 6.74 0.999 8
CD1 60 99 55213 107.3 105.7 97 3.03 0.04 7.18 0.999 7
CD2 53 86 52 619 98.2 94.1 85 2.60 0.04 6.18 0.999 7
CD3 50 83 55 706 98.4 98.1 81 2.68 0.05 5.40 0.999 7
CS1 50 91 52 579 105.2 119.6 89 2.49 0.03 5.02 0.999 6
CS2 46 83 54 247 93.4 100.2 82 2.27 0.04 5.20 0.999 7
CS3 43 87 52 412 97.5 94.7 86 2.13 0.03 453 0.999 7
DS1 18 34 55 202 39.0 37.5 34 0.85 0.04 2.63 0.999 9
DS2 26 45 56 486 58.5 58.0 45 0.82 0.03 3.42 0.999 7
DS3 32 52 56 898 53.3 63.0 49 1.27 0.03 3.87 0.999 8
EF1 183 143 62 499 175.9 167.8 134 1.78 0.02 12.10 0.999 1
EF2 209 167 60 881 2076 2133 158 1.90 0.02 13.97 0.998 9
EF3 256 152 61 462 156.3 174.5 149 2.29 0.02 13.14 0.999 6
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Phylum

Euryarchaeota

B Proteobacteria

M Nitrospirae

B Bacteroidetes

M Unclassified archaea
Firmicutes
Actinobacteria

M Acidobacteria
Diapherotrites

M Planctomycetes

B Gemmatimonadetes
Chloroflexi
Cyanobacteria

M Spirochaetes

Bl Armatimonadetes
Nanoarchaeaeota

M Synergistetes

B Verrucomicrobia
Dependentiae

B Marinimicrobia (SAR406 clade)

M Others

Proportions

Class

Thermoplasmata

B Gammaproteobacteria

B Alphaproteobacteria

B Nitrospira

M Bacteroidia
Unclassified archaea
Deltaproteobacteria

M Clostridia
Acidimicrobiia

B Acidobacteriia

B Micrarchacia
Phycisphaerae
Gemmatimonadetes

l AD3

M Bacilli
Oxyphotobacteria

B Spirochaetia

M Planctomycetacia
Woesearchaeia

M Synergistia

M Others

Proportions

Order

1.00 Thermoplasmatales

B Acidithiobacillales

B Betaproteobacteriales

M Nitrospirales

M Unclassified archaea

0.75 Acetobacterales
Cytophagales

B Sphingomonadales
Chitinophagales

M Sva0485

B Gammaproteobacteria Incertae sedis
Clostridiales
Rhodobacterales

B Acidobacteriales

B Uncultured acidimicrobiia
Flavobacteriales

M Xanthomonadales

M Acidimicrobiales
Ca. Micrarchaeum acidiphilum ARMAN-2
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Fig. 1 Relative abundance of microbial taxa in AMD environment at Phylum (A), Class (B) and Order (C) levels.
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B R, pH FI Shannon 5%k W EAHR
(R=0.804, P<0.001), FWIREE ZHMERE pH FEAK
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20 MR EYI2ERE (1K 5). RDAL Fil RDA2 %l fi i
4350 54.55% (P<0.05) A1 19.97% (P<0.05),

PCoA Jaccard
W
4 -
’ | Group
! o AR
0.2F I A BD
i % | 9BS
! s, oCD
! . 3
0.0F2 - m e AT egfg
: EF
|
0.2 : &
-06 -04 -02 0.0 0.2

" Diml (40.14%)

2 & T Bray-Curtis 8% #A Jaccard A EE BB MBI £ L FR 5247 (PCoA)
Fig. 2 Principal coordinates analysis (PCoA) based on Bray-Curtis dissimilarity (A) and Jaccard similarity (B)

distance matrices.
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Fig. 3 Hierarchical clustering based on UPGMA and Bray-Curtis distance matrix.
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3 ET Bray-Curtis BEE5 sEFE 3T Z LR AR (PR AR FNEF)
HEEMERHKITEBRE THES T (PERMANOVA)
B EE R

Table 3 Results of PERMANOVA test for the difference

of community structure between all sample groups
(except AR and EF) based on Bray-Curtis distance matrix

Grouns Bray-Curtis
P Variation (R?) Pr (>F)
BD/BS 0.882 0.016
BD/CD 0.934 0.100
BD/CS 0.896 0.100
BD/DS 0.967 0.100
BS/CD 0.925 0.019
BS/CS 0.902 0.023
BS/DS 0.945 0.021
CD/CS 0.639 0.100
CD/DS 0.957 0.100
CS/DS 0.852 0.100
pH (0.804***)
8 L
Group
| AR
< or *BD
= * BS
e & «CD
17 CS
) e DS
2k EF
[ ]
.l 1 1 1
2 3 4 5
Value

E 4 K#EAK pH #1 Shannon $E#A L& 1% E I D HT &
Pearson #% R £(

Fig. 4 Linear regression and Pearson correlation
coefficient between pH value and Shannon index of all
samples. Level of confidence interval: 0.95; ***

indicates P<0.001.

KRR S5 F 2B E g pH (P<0.05) kA
KA (P<0.05) fifRE, pH K JE & KA A Y EEXF
BEVR S5 A HA TR, AFE o TR R4 . BUFF A
. BIFAR . R, BASTE R H Ay IR RN
KRIGFEEBEENT 6 DI P2 o — by
B TTHR, PR H SR AN IEADG; HAe
14 ANZEFENINTEE 3 BT, ZRIZRIE
FHIE
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tb-RDA
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R§ll Bacteroidia
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Cgeh A b
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RDAT (54.55%)
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Fig. 5 Redundancy analysis (RDA) based on the
Hellinger-transformed microbial taxa relative abundance
at class level constrained by variables pH and sample
types, scale=FALSE, scaling=2.
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DA N N M i M W R
Acidithiobacillus. #Jufil2iE /)& Leptospirillum 45
FRE w HAr AT R 2Ry — % o WAk A
(6.60%-86.34%) 1= 5 B IEARDG, TE
AAF Y DS ik B, AL S AT R
Sulfobacillus iz E (1.58%). FRELFF#JE
ERRA K MUY (pH 2.0-2.5) H @) F B ik
8.75%-38.29%. iR e jm &0 4i T BD M
BS (11.82%f#l1 12.52%) . It4h, BD H4rAif i
B RRRATEE Acidibacter (2.44%) . BEFFEER}
Acetobacteraceae RIEFEAIZHE (5.90%) . FEIR IS
Acidiphilium (11.12%) . £k UFE & Ferrovum (5.26%)

Ferroplasma .
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Ferrithrix 40.95
Uncultured family XVII 20.47
Uncultured Thermoplasmata 10.23
Uncultured AD3 511
Novosphingobium 2.55
Unclassified Burkholderiaceae 1.27
Pseudarcicella 0' 63
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Hydrogenophaga 0' 15
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Fig. 6 Heatmaps based on relative abundance of the top 49 microbial taxa (mean relative abundance >0.1%) at genus
level and their Pearson correlation with acidity. Row clustering distance: Euclidean. Hierarchical clustering method:
Complete. P-values were adjusted using the “BH” method. “.” indicate P<0.1, * indicate P<0.05, ** indicate P<0.01.
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Al Acidicapsa (2.16%) 4§, 1fii BS H 2 R {A
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A 5K (A-plasma) (3.17%) Fil E J5ifk (E-plasma)
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WK, 5 pH 2HEIEMSE (Kl 5). #H AT
BT TZERRYED LR K HAS 8 UL, 7R PR EE R B A IR,
T R L 5 A 1 A 4 s P23 A 1Y
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YW L HEKOE S T AL, RS0 1 1
17T i PRI B R B VR B T s, AR S
U Bl At A AR A TR A

PR B T T i A R A /K RN TR I Hp 2548 4 e
FHE (8.75%-38.29%), 7] A ik R TCHLER AL &9
S VEMRENR R K, M FP (At ferrooxidans
55) SR AR Fe? MR SR 1, LSRR
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TR AR LLHEAK Hr AR AR AT 2 50 s 55 5%, Ao v
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1t CO, A HLERIEIST, AL i) — L BF 52
B, 28 BRI RE TR, o 3 ISAS LA AR RE Yy oty By
FERRYER ILHEK B9 TR RN 2 Ji v & 2 26 b HL i
P AR,

Bk BREALE, BRIKYTRIE 2 0 A R
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BU - Acidiphilium cryptum®? |
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Metallibacterium scheffleri*>* ., Ft. thermotolerans,
2 P HE K Ok P B Acidicapsa spp.* il
Sulfobacillus spp. 251 i 57 P50V 75 filch 4
PRAR M PR Fe™, HiES Y Fe A6, 7™/
Fe?* {4k Sk 141 ) PR B A Ak — 0 ™ ) D 1 1
fifo G5 RYED LA g — 252 BT R A
WF 52 5 AR W 28 T A O A 0 A 0 &5 SR
Sulfobacillus spp. 7EMR ¥ 4514 T 7] 58 -5 308k i 14 &
PMEVEF DA R0 1

4 4
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