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Abstract: Eleven acid mine drainage (AMD) samples were obtained from southeast of China for the analysis of the microbial 
communities diversity, and the relationship with geochemical variables and spatial distance by using a culture-independent 16S 
rDNA gene phylogenetic analysis approach and multivariate analysis respectively. The principle component analysis (PCA) of 
geochemical variables shows that eleven AMDs can be clustered into two groups, relative high and low metal rich (RHMR and 
RLMR) AMDs. Total 1 691 clone sequences are obtained and the detrended correspondence analysis (DCA) of operational taxonomic 
units (OTUs) shows that, γ-Proteobacteria, Acidobacteria, Actinobacteria, Cyanobacteria, Firmicutes and Nitrospirae are dominant 
species in RHMR AMDs. In contrast, α-Proteobacteria, β-Proteobacteria, Planctomycetes and Bacteriodetes are dominant species in 
RLMR AMD. Results also show that high-abundance putative iron-oxidizing and only putative sulfur-oxidizing microorganisms are 
found in RHMR AMD. Multivariate analysis shows that both geochemical variables (r=0.429 3, P=0.037 7) and spatial distance 
(r=0.321 3, P=0.018 1) are significantly positively correlated with microbial community and pH, Mg, Fe, S, Cu and Ca are key 
geochemistry factors in shaping microbial community. Variance partitioning analysis shows that geochemical variables and spatial 
distance can explain most (92%) of the variation. 
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1 Introduction 
 

Acid mine drainage (AMD) with low pH value and 
high concentration of metals and non-metallic ions is 
formed when minerals (principally sulfides) are exposed 
to air, water, and microorganisms by natural weathering 
or human activities [1]. Nowadays, it has become a 
worldwide environmental problem since it has harmful 
consequences for diatoms [2], protozoans [3], aquatic 
invertebrates [4], piscivorous birds in freshwater lakes 
[5], groundwater, rivers, streams [6] and surrounding 
vegetation [7]. However, due to the relatively simple 
microbial community and extreme characteristic, studies 
of microbial diversity in AMDs have increased in 
theoretical research, commercial and environmental 
applications of AMD-derived microorganisms during the 
past several decades [8−11].  

Previous 16S rDNA gene-based phylogenetic 
studies showed that microbial communities in AMDs 
consisted of a mixture of various microorganisms, whose 
community structures were mainly shaped by surrounding 
geochemical variables, such as pH, S, and metal ions, 
(Pb, Zn, Cu and Fe ions) [1, 12]. However, few studies 
performed a comprehensive multivariate analysis for the 
influence of geochemical variables on the bacterial 
communities in AMD. In addition, geochemical  
variables and spatial distance were thought to be the 
other important factors affecting microbial ecology in 
soils [13−16]. However, it is still unknown how spatial 
distance affects microbial communities in AMDs. 

The objectives of this study are: 1) Understanding 
the bacterial community diversity and structure in AMD 
obtained from three Chinese copper mines; 2) Accessing 
how geochemical variables and spatial distance shape 
such AMD microbial community structure. A detailed 
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description of microbial diversity and important 
implications for understanding the influence of 
geochemical variables and spatial distance on bacterial 
communities are provided. 
 
2 Materials and methods 
 
2.1 Site description and sampling 

A total of eleven AMD samples were collected from 
three copper mines, that is, Tongchang Mine (TC), 
Yinshan Mine (YS) and Yongping Mine (YP) [17], 
located in southeast of China at April, 2007 (Table 1). 
Samples A−D were collected from TC. Sample A was 
obtained from the Zhujia acidic reservoir, the 0.05−0.10 
grade Cu ores were piled up near this reservoir and pure 
Cu was routinely recovered from cycled AMD in this 
reservoir using biohydrometallurgical technologies since 
1998. It produced 1 500 t and 1 400 t pure Cu in 2005 
and 2006, repectively [18]. Sample B was mixture of rain 
and accumulated AMD collected from the No.110 drain 
tunnel, a part of the sewage treatment system in TC. 
Sample C was collected from accumulated AMD pond 
near the open pit. Sample D was collected from Dawutou 
water-pumping station. Samples E, F, and G were 
collected from the tailing dam, accumulated water pool 
in the open pit, and drainage of No.1 vertical shaft (−160 
m) of YS, respectively. Samples H, I, J, L were collected 

from accumulated water pool of mining area, surface 
running water near sample H, accumulated water of 
Nankeng, and an acid roadside ditch of YP, respectively. 

Approximately, 50 L of water was collected from 
three position (as three replicates) of each site and 
transported to laboratary within 48 h at room temperature. 
Due to the low biomass and DNA yeild, we combined 
the three replicate into one. A total of 50 mL of the 
original water sample was used for geochemical analysis. 
All water samples were then filtered through a sterile 
0.22 µm hyperfiltration membrane. These filters were 
then immediately transferred to a tube and stored at  
−20 °C until they were used for analysis. 

Latitude and longitude of sampling sites were 
determined using a hand holding GPS, Garmin eTrex 
(Garmin, Kansas, USA). The temperature and pH of each 
sampling site were measured on sites. A total of 20 
elements were measured using inductively coupled 
plasma-atomic emission spectrometry (ICP-AES; PS-6 
Plasma Spectrovac, Baird, USA).  
 
2.2 DNA extraction and purification 

Total community DNA was extracted from filtered 
sediment using a protocol described by ZHOU et al [19]. 
The crude DNA was further purified using the Promega 
Wizard DNA Clean-Up System (Madison, WI, USA) 
according to the manufacturer’s instruction. DNA quality 

 

Table 1 Sampling description, location and physical properties of studied AMD samples in three mine areas in China 

ID Sample Location Color pH Temperature/oC

A 
Water of Zhujia acidic reservoir in 

Tongchang copper mine 
N29°00.42′, E117°42.49′ Dark red 2.5 21−24 

B 
Water of No.110 drain tunnel in 

Tongchang copper mine 
N29°00.82′, E117°42.86′ Pale 2.8 19−22 

C 
Accumulated water of in Shuilongshan of 

Tongchang copper mining area 
N29°00.45′, E117°43.66′ Red 2.0 29−31 

D 
Water of Dawutou water-pumping station in 

Tongchang copper mine 
N29°00.60′, E117°44.53′ Pale 2.0 15−18.5 

E 
Accumulated water of tailing dam in 

Yinshan copper mine 
N28°58.59′, E117°36.05′ Dark red 2.0 19−22 

F 
Accumulated water of 

Yinshan copper mine mining area 
N28°58.30′, E117°35.62′ Red 2.5 14−18 

G 
Drainage of No.1 vertical shaft in 

Yinshan copper mine (from −160 m) 
N28°58.08′, E117°35.47′ Pale 2.5 14−19 

H 
Accumulated water of 

mining area in Yongping copper mine 
N28°11.90′, E117°45.76′ Red 3.0 15−18 

I 
Surface running water of mining area in 

Yongping copper mine (to H) 
N28°11.90′, E117°45.76′ Red 2.1 19−22 

J 
Accumulated water of Nankeng in 

Yongping copper mine 
N28°11.49′, E117°45.69′ Light blue 5.4 16−20 

L 
Water of an acid roadside ditch in 

Yongping copper mine (to H) 
N28°11.79′, E117°45.70′ Red 2.0 16−19 
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was evaluated by the absorbance ratios at A260/280 and 
A260/230 using a NanoDrop ND-1000 Spectrophotometer 
(NanoDrop Technologies Inc., Wilmington, DE). The 
PicoGreen method [20] was used for quantifying DNA 
concentration using a FLUOstar Optima (BMG Labtech, 
Jena, Germany). Purified DNA was stored at −80 °C until 
it was used. 
 
2.3 PCR amplification, purification, 16S rDNA gene 

cloning and sequencing 
The bacterial 16S rDNA genes were amplified and 

PCR products were purified using the QIAquick Gel 
Extraction Kit (QIAGEN, Valencia, CA), ligated into 
pCR2.1 vector (Invitrogen Corporation, Carlsbad, CA), 
and then transformed into One Shot TOP10 Chemically 
Competent (Invitrogen Corporation, Carlsbad, CA). 
Plasmid clones were identified based on blue-white 
screening and they were grown overnight on plates with 
ampicillin (100 mg/mL) and X-gal (15 mg/mL). White 
colonies from each of these libraries were randomly 
selected and the 16S rDNA gene sequences were 
determined at the Genome Sequencing Center of 
Washington University (St. Louis, Missouri, USA).  
 
2.4 Phylogenetic analysis 

The nucleotide sequences were assembled and 
edited using Sequencer v.4.8 (GeneCodes, Ann Arbor, 
MI) and manually checked for chimeras using Ribosomal 
Database Project II. Identified chimeric sequences were 
discarded. Operational taxonomic units (OTUs) were 
determined using DOTUR [21] with a 3% cutoff value. 
Phylogenetic trees were generated by using neighbor- 
joining analysis which show the phylogenetic 
relationships of bacterial 16S rRNA gene sequences 
recovered from these AMD samples. The fraction 
number after the GenBank accession number represents 
the number of clones for each phylotype versus the total 
number of clones analyzed in each sample. Scale bars 
indicate the Jukes-Cantor distances. Bootstrap values of 
>50% (for 000 1  iterations) are shown. Aquifex 
pyrophilius is used as outgroup. The coverage of clone 
libraries was calculated using the equation: Rcov=1−(n/N), 
where n is the number of clones that occurred only once 
and N is the total number of analyzed clones in each 
clone library [22]. 
 
2.5 Statistical methods 

Principal component analysis (PCA) and detrended 
correspondence analysis (DCA) were performed to 
analyze the geochemical variables and community 
structure with CANOCO (Version 4.5, Biometris-Plant 
Research International, Netherlands), respectively [23]. 
Both Shannon-Weaver H and Simpson were calculated 
using R 2.9.1 (http://www.r-project.org/) to evaluate the 

community diversity. Shannon–Weaver index was 
calculated used the formula: H=−∑(pi)(log2pi) and 
Simpson’s index was calculated based on the formula: 
1−D=1− ,2 ip  where pi is the proportional abundance 
of the clone sequenced in each samples. The geographic 
paired distances of all samples were calculated with the 
latitude and longitude data using web-based     
program (http://www.movable-type.co.uk/scripts/latlong. 
html). Geochemical variables of AMDs were z 
transformed to convert all measurements to the same 
scale prior to further analysis using the formula, 

,/)( sxxz i   where xi is the sample value, x  is the 
mean of all samples, and s is the standard deviation [24]. 
Mantel and partial Mantel tests [25] for linking 
phylogenetic microbial community, geochemistry and 
geographic distance were performed with the vegan 
package in R 2.9.1. Canonical correspondence analysis 
(CCA) [26] was also performed with CANOCO. 
Stepwise CCA was performed to eliminate the redundant 
geochemical variables based on their inflation factors 
[24]. CCA was performed with focus on interspecies 
distance and significance was tested using the Monte 
Carlo permutation (499 permutations). The partial CCA 
(pCCA) [23] was used to partition variation in 
community composition to geochemical variables and 
geographic distances. 

All of the nucleotide sequences obtained in this 
study had been deposited to the GenBank database under 
accession numbers: FJ825151−FJ825286 and FJ869157− 
FJ869171. 
 
3 Results 
 
3.1 Geochemical characteristics of samples 

The temperature of the eleven sites ranged from  
16 °C to 30 °C. Sample C had the highest temperature 
(30 °C) with almost 10 °C higher than other AMDs, and 
pH was not substantially different within a range of 2−3 
except for sample J (pH 5.4) (see Table 1). A total of 20 
chemical elements were analyzed by the ICP-AES in the 
studied eleven AMD samples (see Table 2). These eleven 
samples are heterogeneous in terms of geochemical 
components but all are rich in sulfur (0.92−14.03 g/L), 
and metals such as Fe (0.001−9.890 g/L), Al (0.002− 
2.850 g/L ), Cu (0.002−0.490 g/L ), Mg (0.10−2.42 g/L), 
Mn (0.012−0.660 g/L), Na (0.005−0.110 g/L) and Ca 
(0.11−0.59 g/L). Samples E, F and G have much higher 
concentrations of Zn (0.10−0.57 g/L) than other AMDs, 
and this may be due to the fact that they are close to each 
other at the same copper mine. In general, sample E has 
the highest concentration and sample J has the lowest 
concentration for most elements, especially S, Fe, Al, Mn, 
and Cu (see Table 2), and all of these eleven AMD 
samples can be divided into two groups (RLMR and 
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Table 2 Geochemical element properties of collected AMD samples (mg/L) 

AMD sample ID 
Element 

A B C D E F G H I J L 

S 11 405 1 018 10 151 1 252 14034 1 602 1 735 4713 4 818 918.8 6 687 

Fe 1 097 309.7 5 158 777.8 9 887 580.5 619.9 3 423 3 518 1.4 4 971 

Al 1 823 133.1 1 410 153.8 2 854 288.6 102 314 320.8 2.3 406.3 

Mg 2 423 166.2 562.9 97.1 874.8 166.6 249.1 478.3 475 244.8 552.3 

Ca 412.6 201.7 304.7 109.9 227.3 186.7 163.1 590.4 592.4 577.9 506.4 

Cu 200.8 15.1 40.6 4.9 491.2 165.6 39.7 80.7 80.6 1.8 103.8 

Mn 139.9 11.6 13.4 20.3 660 85.5 193.7 20.2 19.7 18.9 20.3 

Zn 8.3 1 1.9 2.2 455.9 104.7 571.5 12.2 12.1 2.2 15.3 

Si 73.5 19.4 66.6 28 65.7 37 20.3 58.8 59.8 8.5 66.3 

P 24.2 3.1 52.7 6.3 65.2 6.1 4.1 24.4 25 1 32.1 

Na 8.7 8.6 6.1 10.7 30.6 15.5 110.4 9.2 7 19.9 5.3 

Ni 9.3 1.2 6.1 1.2 9.5 1.5 2 2.6 2.6 0.1 3 

Co 5.2 0.6 4.5 0.4 3.6 0.5 0.5 1.7 1.7 0.1 1.8 

V 0.5 0.3 1.5 0.3 3.6 0.2 0.2 0.9 0.9 0 1.1 

B 0.3 0.09 1.2 0.2 2.2 0.1 0.2 0.8 0.8 0.01 1.1 

Y 1.9 0.2 0.7 0.2 1.9 0.3 0.2 0.5 0.5 0 0.5 

La 1 0.4 0.6 0.3 1.4 0.4 0.2 0.7 0.8 0 0.7 

Zr 0.4 0.3 0.5 0.3 0.7 0.2 0.2 0.5 0.5 0 0.5 

Sc 0.6 0.08 0.4 0.07 0.8 0.2 0.07 0.2 0.2 0.01 0.2 

Ba 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.04 0.2 

 
RHMR AMD) according to the total amount of metal 
content. These also indicate PCA with 77.6% of the total 
variance explained by the first axis (PC1) and the second 
axis (PC2) (see Fig.1). Interestingly, two groups are 
clustered together due to their total metal concentrations, 
one RHMR group including sample A, C, E, H, I and L, 
and the other RLMR group including samples B, D, F, G 
and J (see Fig.1). 
 

 
Fig.1 PCA of geochemical variables 

3.2 Overall phylogenetic microbial community 
There are a total of 1 691 clone sequences obtained 

from the eleven AMD samples. In order to test whether 
the analyzed clones can represent the bacteria 
community in each sample, the coverage of all clone 
libraries (see Table 3) was calculated. The results show 
that the obtained data can represent the real status of 
bacterial communities in those habitats. According to the 
phylogenetic analysis of 16S rDNA, all 16S rDNA 
sequences fall into ten known clusters (α-Proteobacteria, 
β-Proteobacteria, γ-Proteobacteria, Acidobacteria, 
Actinobacteria, Bacteriodetes, Cyanobacteria, 
Firmicutes, Nitrospirae, and Planctomycetes) and some 
unknown bacterial clusters (see Fig.2). The lowest 
numbers of clone sequences are obtained from sample I, 
which has been obtained from the running AMD in mine 
area. The highest numbers of clone sequences are 
obtained from sample G, which has been obtained from 
−160 m level of vertical shaft (see Table 3). The 
phylogenetic diversity was evaluated for each sample 
from the clone data by Shannon Weaver ‘H’ and 
evenness. The results show that sample A has the highest 
diversity, while the diversity in sample L has the lowest, 
less than three time that of sample A (see Table 3). These 
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Table 3 Total detected number and coverage of clone sequences and diversity indices of bacterial 16S rRNA gene clones retrieved 

from studied AMD samples 

Sample ID 
Parameter 

A B C D E F G H I J L 

Number of clone 159 179 92 146 97 147 226 224 90 143 188 

Coverage/% 90.6 92.2 85.9 91.1 95.9 89.8 98.7 96 78.9 86.1 93.6 

Shannon weaver H 2.81 2.46 2.46 2.77 1.72 2.12 2.05 1.94 2.35 2.53 0.85 

Simpson’s (1−D) 0.91 0.84 0.86 0.90 0.71 0.80 0.79 0.75 0.83 0.82 0.28 

 

 
Fig.2 Relative abundance of all detected OTU 

 
results suggest that microbial communities in different 
AMDs are heterogeneous. 

DCA of OTUs were also used to examine overall 
microbial community structures (see Fig.3). The total 
inertia for the model is 1.607. Eigenvalues for the first 
two axes of the DCA are 0.484 and 0.212, respectively, 
and explain the 43.2% of the variance. Interestingly, the 
DCA pattern of microbial community structure is 
roughly clustered into two main groups which are 
consistent with the PCA pattern of geochemical variables. 
For the RHMR AMD samples (A, C, E, H, I and L), 
γ-Proteobacteria, Acidobacteria, Actinobacteria, 
Cyanobacteria, Firmicutes and Nitrospirae are dominant. 
In the RLMR AMD samples (B, D, F, G and J), α- 
Proteobacteria, β-Proteobacteria, Planctomycetes and 
Bacteriodetes are dominant.  
 
3.3 Relative abundance of phylogenetic groups 

The relative abundance of the clones related to each 
major group were calculated based on the number of 
clone sequences, and the results show that the microbial 
community structure is in high diversity and 
heterogeneous in eleven AMDs (Figs.2 and 3). For  

 
Fig.3 DCA result of detected OTU  

 
RLMR AMD samples, the major (relative abundance 
>30%) groups are β-Proteobacteria (50.8%) for sample 
B; Actinobacteria (42.5%) for sample D; Firmicutes 
(36.7%) for sample F; α-Proteobacteria (68.6%) for 
sample G and β-Proteobacteria (80.4%) for sample J. 
For RHMR AMD samples, the major groups are 
Firmicutes (37.7%) for sample A; Actinobacteria (43.5%) 
for sample C; γ-Proteobacteria (62.9%) for sample E; 
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α-Proteobacteria (30.6%), Actinobacteria (43.3%) for 
sample H; α-Proteobacteria (35.6%) and Actinobacteria 
(30%) for sample I and Actinobacteria (87.2%) for 
sample L (Fig.2 and Table 4).  

About 60.1% (1 017 out of 1 691) of all clone 
sequences retrieved in this work are affiliated with 
putative iron-oxidizing strains or iron-oxidizing bacteria- 
related clones, falling into the Acidiphilium, 
Acidithiobacillus, Alicyclobacillus, Ferrimicrobium, and 
Leptospirillum genera (see Table 5). More than 50% of 
the clones from the samples A, C, E, F, G, H, and L are 
affiliated into putative iron-oxidizing bacteria and most 
of these samples are from RHMR AMDs. However, no 
putative iron-oxidizing bacteria are found in the sample  
J, in which pH is 5.4. In contrast, only a small proportion 
(about 1%, 21 out of 1 691) of retrieved clones are 
related to putative sulfur-oxidizer-originated sequences 
and are only present in the samples E, H, I and L, all of 

them from RHMR AMDs. The results indicate that 
putative iron-oxidizing may be dominant in high heavy 
metal enriched AMDs and the few putative sulfur- 
oxidizing microorganisms are only in rich heavy metal 
samples. All of these results suggest that iron oxidizing 
bacteria might contribute a lot for AMD generation since 
60% secquences of them are detected. 
 
3.4 Linkages between phylogenetic microbial 

community and geochemical variables, spatial 
distribution 

Partial Mantel tests were performed to analyze the 
relationships between AMD microbial community and 
their spatial distance or surrounding geochemistry. The 
results show that geochemical variables (r=0.429 3, P= 
0.037 7) and spatial distance (r=0.321 3, P=0.018 1) are 
significantly positively correlated with microbial 
community. The simple Mantel test between geochemical 

 

Table 4 Relative abundance (%) of clones affiliated with each major group 

Sample ID 
Phylogenetic group Total 

A B C D E F G H I J L 

α-proteobacteria 18.64 10.69 1.68 8.70 17.81 3.09 30.61 68.58 3.57 35.56 7.69 — 

β-proteobacteria 20.04 5.66 50.84 26.09 4.79 2.06 4.76 20.80 8.04 11.11 80.42 0.53

γ-proteobacteria 8.66 — 3.35 1.09 — 62.89 0.68 2.65 25.45 11.11 — 0.53

Acidobacteria 1.94 5.03 1.12 — 9.59 1.03 2.04 — 0.45 1.11 — 1.06

Actinobacteria 39.30 3.14 26.82 43.48 42.47 2.06 24.49 0.88 43.30 30.00 0.70 87.23

Bacteriodetes 0.91 — — — — — — — — — 9.79 0.53

Cyanobacteria 1.21 12.58 — — — — — — — — — — 

Firmicutes 12.65 37.74 4.47 13.04 13.01 25.77 36.73 — 9.82 5.56 — 2.13

Nitrospirae 6.48 25.16 11.73 1.09 10.96 2.06 — 7.08 3.57 — — 1.60

Planctomycetes 0.18 — — — 0.68 — — — — 2.22 — — 

Others 2.31 — — 6.52 0.68 1.03 0.68 — 5.8 3.33 1.40 6.39

 

Table 5 Bacterial clones affiliated with putative iron-oxidizing or sulfur-oxidizing bacteria in each clone library 

Ratio/%  
Sample 

ID 
Number 
of clones Acidiphilium-

like 
Acidithiobacillus-

like 
Alicyclobacillus-

like 
Ferrimicrobium-

like 
Leptospirillum- 

like 
 

Number 
of clones 

Ratio of 
Sulfobacillus-

like/% 

A 103 8.8 0.0 28.9 1.9 25.2  0 0.0 

B 77 0.6 3.4 3.9 23.5 11.7  0 0.0 

C 52 7.6 1.1 13.0 33.7 1.1  0 0.0 

D 44 10.3 0.0 7.5 0.7 11.6  0 0.0 

E 94 1.0 70.1 23.7 0.0 2.1  2 2.1 

F 129 21.1 5.4 36.7 24.5 0.0  0 0.0 

G 143 52.7 2.7 0.0 0.9 7.1  0 0.0 

H 173 2.7 25.4 2.7 42.9 3.6  16 7.1 

I 36 1.1 11.1 1.1 26.7 0.0  2 2.2 

J 0 0.0 0.0 0.0 0.0 0.0  0 0.0 

L 166 0.0 0.5 1.6 86.2 1.1  1 0.5 
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variables and spatial distance shows that they are 
independent variables and not correlated (r=−0.04 0, P= 
0.565) with each other. These results indicate that 
surrounding environment and spatial distribution are two 
independent variables and both of them are associated 
with the AMD microbial communities. 

To determine the key geochemical variables shaping 
microbial community structure, CCA was performed 
with the numbers of OTUs and geochemical variables. 
The stepwise selection based on the variance inflation 
factors (VIFs) for geochemical variables was performed 
to eliminate the high variance inflation factor (VIF) 
geochemical variables [24] and finally, pH, Na, Mg, Fe, 
K and Ca were selected for CCA. The specified CCA 
model extracting the maximum relationship between 
community composition and the geochemical variables 
explains 48.4% of the variation (sum of all eigenvalues, 
4.679) and is significant (p=0.01) (see Fig.4). 
 

 
Fig.4 CCA numbers of all sequenced OTU (symbols) and 

environmental variables (arrows) (p=0.01) 

 
Variation partitioning analysis (VPA) [13, 27] was 

performed to better understand how geochemical 
variables and spatial distance influence the microbial 
community. The same geochemical variables and 
pair-wise distance data used for CCA were used for VPA. 
The results show that geochemical variables are able to 
independently explain 8% of the variation observed 
while spatial distance explains 22%. Interactions 
between these two variables have more influence in this 
system than individual variables (62%). About 8% of the 
variation cannot be explained. These results suggest that 
both geochemistry and spatial distance greatly influence 
the microbial community.  
 
4 Discussion 
 

AMD is an extremely aquatic environment with low 

pH and high heavy metal concentration on Earth [1]. It is 
important to investigate this extreme environment 
because it may help us not only better understand the life 
forms in extreme environments but also develop 
strategies for AMD bioremediation. Also, it may provide 
useful information in bioleaching, which is a technique 
using the low pH and high heavy metal tolerated 
microorganisms to extract metals from ores to solution  
[1, 28]. In this work, AMDs from three copper mines in 
southeast China were obtained and the compositions of 
microbial communities were investigated. Moreover, 
multivariate analysis was performed to analyze the 
relationship among the geochemical variables, spatial 
distribution and microbial communities. 

The geochemical property of AMDs is heterogeneous 
and contains lots of metals. Since S, Cu, Fe, Zn and Pb 
are the major elements hosted by sulfides, most of the 
AMD contains those heavy metals [29−30]. The sulfides 
in most coal and metal deposits also contain trace 
elements, such as Mn, Cr, and Co, whose concentrations 
will increase as the dissolution of sulfides proceeds 
[29−30]. In addition, AMD may also react with other 
minerals, such as silicates, which will lead to an increase 
in the dissolved loading of Na, K, Mg, Ca, Si, and Al 
[31]. In the studied AMDs, there are very high 
concentrations of S, Fe, Al, Mn, Mg, Cu, Zn, Ca, and lots 
of trace elements, which is consistent with the previous 
reports [1, 28, 32]. AMDs are different with respect to 
their geochemical backgrounds (i.e. element composition 
in bedrock, and wall rock) which depend upon the 
location of the mining site, thus the element 
concentration of the AMDs varies among different 
locations all over the world [31, 33]. In this work, the 
consistent results are obtained, for example, although 
samples C and D are from the same copper mine area 
and acidic (2.0), the elemental composition is different. 
Moreover, according to the PCA of geochemical 
variables, samples from the same mine area cannot be 
clustered together. However, total element concentration 
of the geochemical variables and PCA results show that 
all samples can be clustered into two groups according to 
their concentrations, one is high metal rich AMD sample 
group (including samples A, C, E, H, I and L) and the 
other is low metal rich AMD sample group (including 
samples B, D, F, G and J). The pH of studied AMDs is 
low, which is around 2−3 except sample J (pH=5.4). In 
all studied AMDs, the temperature is not high, because 
the sampling time is April, 2007; it is still cold in mining 
area, except the sample C which reaches 30 °C. 

It is expected that the major components of the 
bacterial community in the investigated AMD samples 
are consistent with previous studies in other Chinese 



J. Cent. South Univ. Technol. (2011) 18: 1930−1939 

 

1937

 

metal mine AMDs, in which clone sequences are 
affiliated with α-Proteobacteria, β-Proteobacteria, and 
γ-Proteobacteria, Acidobacteria, Actinobacteria, 
Firmicutes and Nitrospirae [28, 34]. However, the 
relative abundance of these major groups varies with 
different AMDs although the AMD samples are of 
similar pH and/or temperature. For example, in Ref.[28], 
the YSK3 (pH 2.5; temperature 20 °C) sample (collected 
from Yinshan Mine) contained two major groups 
(γ-Proteobacteria and Nitrospirae, corresponding to 
53.1% and 41.3%, respectively). In contrast, the sample 
E and sample F (pH 2.5; temperature 16.5 °C) in this 
work are also taken from Yinshan Mine, but contain 
different major groups of microorganisms: The sample E 
comprises of γ-Proteobacteria (62.89%) and Firmicutes 
(25.77%); the sample F is composed of α-Proteobacteria 
(30.61%), Actinobacteria (24.49%) and Firmicutes 
(36.73%). This difference may be caused by the different 
sampling sites in mining area and different sampling 
season. For studied AMDs, we sampled in April, 2007, 
and for YSK samples, they were collected in August, 
2006. It is reported that seasonal changes in pH have 
significant effects on the aspects of the microbial 
community in AMD [35]. 

The extreme condition (e.g. low pH, and high-level 
metal ions) of AMD results primarily from the metabolic 
activities of chemolithotrophic microorganisms [36], 
such as iron-oxidizing prokaryotes (e.g. Acidithiobacillus 
ferrooxidans, Leptospirillum spp., Ferroplasma 
acidiphilum), sulfur-oxidizing prokaryotes (e.g. 
Acidithiobacillus thiooxidans, Sulfolobus shibitae), and 
some heterotrophic prokaryotes (e.g. Acidiphilium spp., 
Alicyclobacillus spp.) [32−33]. In this work, about 
60.1% of all clone sequences retrieved are affiliated with 
putative iron-oxidizing strains or iron-oxidizing 
bacteria-related clones, and only a small proportion 
(about 1%) of retrieved clones are related to putative 
sulfur-oxidizer-originated sequences. Interestingly, most 
of putative iron-oxidizing strains or iron-oxidizing 
bacteria-related clones and putative sulfur-oxidizer- 
originated clones sequences are detected from high-level 
heavy metal enriched AMDs. This evidence suggests that 
putative iron-oxidizing and sulfur-oxidizing strains 
contribute a lot for the generation of AMD. Controlling 
or enhancing the growth of these bacteria might be 
important to bioremediation for AMD or bioleaching, 
respectively. 

DCA of the microbial communities indicates that 
microbial communities can be separated into two groups 
and different dominant species are observed in high and 
low heavy metal rich AMDs, whose patterns are 
marginally similar with PCA of the geochemical 

variables. These results suggest that there are some 
linkage between the microbial community and 
geochemical variables. Mantel test and CCA validate this 
point, which shows that geochemical variables have a 
significant effect on microbial communities. CCA also 
shows that the key geochemical variables (pH, Na, Mg, 
Fe, K and Ca) significantly affect the microbial 
communities. The previous research has shown that 
microbial community structure within AMD is 
influenced by surrounding geochemical variables, such 
as, pH, S, Pb, Zn, Cu, Ca and ferrous iron [1, 34]. The 
results are consistent with the previous study; 
furthermore, Na, Mg and K are also significantly 
correlated with microbial community. The previous 
studies showed that Ca, Co, Na, Fe, Mg, and K are 
essential elements and Mn, Cr, Cu and Zn are required in 
trace amounts for cell growth [37]. However, there were 
few literatures that reported the influence of surrouding 
environmental factors shaping AMD microbial 
community and the mechnism of it is still unclear. In 
addition to geochemical variables, spatial distance is also 
significantly correlated with microbial community. 
Spatial distance is thought to be another important factor 
affecting microbial ecology in soils [13−16]. However, 
few studies are performed to investigate the influence of 
spatial distance for AMD microbial communities. 
Variation partitioning analysis (VPA) [27] results show 
that 92% of the variation could be explained by 
geochemical variables and spatial distance, and only 8% 
of the variation cannot be explained. These results show 
that all the geochemical variables and spatial distance 
can explain most of the variations in microbial 
community, and the unexplained part may be due to the 
distribution of nutrients, carbon sources, ions, or terminal 
electron acceptors in AMD which are not detected. 
 
5 Conclusions 
 

1) AMDs in this work are heterogeneous and 
enriched with S, Fe, Al, Mg, Ca, Cu, Mn, Zn and other 
trace elements. Moreover, these AMDs can be classified 
into relatively high and low metal rich AMDs according 
to the total heavy metal concentration and PCA. 

2) The microbial communities in AMDs are 
heterogeneous and all 16S rDNA sequences fall into ten 
clusters (α-Proteobacteria, β-Proteobacteria, 
γ-Proteobacteria, Acidobacteria, Actinobacteria, 
Bacteriodetes, Cyanobacteria, Firmicutes, Nitrospirae, 
and Planctomycetes) and some unknown bacterial 
clusters according to the phylogenetic analysis of 16S 
rDNA genes. 

3) Microbial communities in high metal rich AMDs 
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vary to low metal rich AMDs according to the DCA. For 
the RHMR AMD samples (A, C, E, H, I and L), 
γ-Proteobacteria, Acidobacteria, Actinobacteria, 
Cyanobacteria, Firmicutes and Nitrospirae are dominant. 
In the RLMR AMD samples (B, D, F, G and J), α- 
Proteobacteria, β-Proteobacteria, Planctomycetes and 
Bacteriodetes are dominant. The putative iron-oxidizing 
is dominant and a few putative sulfur-oxidizing 
microorganisms are only found in RHMR AMDs. 

4) Both geochemical variables (r=0.429 3, P=0.037 7) 
and spatial distance (r=0.321 3, P=0.018 1) have a 
positive correlation with microbial composition of 
AMDs. The geochemical variables, such as, pH, Na, Mg, 
Fe, K and Ca are most important in shaping the microbial 
community in AMDs. Variation partitioning analysis 
shows that geochemical variables and spatial distance 
could explain 92% of total variation in microbial 
community in AMD.  
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