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Abstract: Two acid mine drainage (AMD) samples TS and WK, which were from the Dachang metals-rich mine in Guangxi
province, China, were studied using PCR-based cloning approach. A total of 44 operational taxonomic units (OTUs) were obtained
from the two AMD samples. However, only three OTUs (GXDC-9, GXDC-19 and GXDC-50) detected in sample TS can also be
observed in sample WK. Phylogenetic analysis revealed that the bacteria in the two samples fell into four putative divisions, which
were Nitrospira, Alphaproteobacteria, Gamaproteobacteria, and Acidobacteria. Organisms of genuses Acidithiobacillus and
Leptospirillum, which were in gamaproteobacteria class and Nitrospira family, were dominant in two samples, respectively. In
sample TS, which was characterized by low pH, high sulfate, high iron, and high arsenide, two species (Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans) constituted 98.22% of the entire microbial community. Compared with sample TS, the
microbial community in sample WK was more diversified according to the observation. Interestedly, the Legionella species, which
was rarely observed in the low-pH environment, was detected in sample WK. This work helps us to further understand the diversity
of microbial community living in extreme acid mine drainages with unique geochemistry and the tolerance capability of acidophiles

to heavy metal.
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1 Introduction

Acid mine drainage (AMD) systems and the
inhabiting microbial communities have aroused interest
of researchers worldwide because of the unique
environmental conditions of low pH, high concentration
of metal iron, and so on[1-3]. Due to the ability of the
microorganisms to survive, grow and reproduce in such
harsh environment as well as the potential for these
microorganisms to be utilized in extraction of metal Cu,
Au, from low grade ores[4], study of the microbial
community composition in AMD can provide insights
into the relative abundance of the microorganisms and
help to reveal different roles that microorganisms play in
community. Previous studies of microbial diversity
showed that the microbial community composition is
largely bound to geochemical parameters such as pH and
metal ion concentration[5—6]. For example, JOHNSON

and HALLBERG[7] systematically analyzed the
physicochemical and microbiological characteristics of
acid mine drainage from various sites worldwide, and
found that the relative abundances of Fe-oxidizers,
S-oxidizers and other Herotrophic acidophiles were
different at dissimilar sites, as well as microorganism
community composition. Even if the geography and
geochemistry properties in different sites showed some
similarity, there were some significant differences at
microbiological level[8].

Restriction fragment length polymorphism (RFLP),
also known as amplified ribosomal DNA restriction
analysis (ARDRA) is a very useful tool to study
microbial diversity that relies on DNA polymorphisms
[9]. Using RFLP method, YIN et al[10] successfully
analyzed the microbial communities in three different
mine drainages. In order to better understand the
compositions and structures of microorganisms in
different AMD environments, two AMD samples from
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the Dachang metals-rich mine located at Guangxi
province of China were studied. The Dachang mine has
been mined for metals for more than 20 years due to its
high concentration of sulfur and arsenide. However, the
microbial communities in AMD samples from the
Dachang mine have not been investigated yet. The aims
of this study were to investigate the bacterial diversity at
these two sites and to further expand the global view of
microbial diversity in AMD environments.

2 Materials and methods

2.1 Site description and sample collection

Samples TS and WK were collected from Teishu
reservoir and Weikang reservoir at Dachang metals-rich
mine, Guangxi province, China. This mine has been
mined for metals for more than 20 years, which has
resulted in a large amount of acid mine drainages since
some sulfide mineral surface area and the reactive ore are
exposed to oxygen and water. The two samples TS and
UK represented the two kinds of different acid mine
drainage located at the Dachang metals-rich mine. Teishu
is the first kind of reservoir discarded for many years in
the mine district. Weikang was another kind of reservoir
used for collecting the acid mine drainage formed during
oxidation of low-grade mine.

Water samples for molecular analysis of microbial
populations were collected in August 2006. About 20 L
water from each site was collected. The water was then
filtered through a sterile 0.22 pum nucleopore filter
(Durapore, Millipore, Bedford, MA, USA). The
sediments on the filter were then immediately transferred
to a tube and stored at —20 C for further molecular
analysis.

2.2 Chemical analysis of water sample

The concentrations of elements were measured by
inductively coupled plasma-atomic emission
spectroscopy (ICP-AES; Baird Plasma Spectrovac PS-6
(N+1)). Twenty-four elements were tested in both water
samples.

2.3 DNA extraction and purification

The bulk communities DNA of two samples were
extracted from 5 g sediments according to the protocol
described by ZHOU et al[11]. The crude DNA was
further purified by agarose gel electrophoresis (1%
agarose) and the Wizard DNA Clean-Up Kit (Promega,
Madison, Wis.). DNA quantity was determined by
spectrophotometry (Nanodrop Technologies, Rockland,
DE). All DNA were stored at =20 “C until being used.

2.4 PCR and fractionation of 16S rRNA genes
The 16S rRNA genes of the microbial community

were amplified. The reaction system contained 100 ng
DNA template, 1xPCR buffer (10 mmol/L Tris-HCI (pH
8.3), 50 mmol/L KCI, 2 mmol/L MgCl,, and 0.001%
(w/v) gelatin), 2 mmol/L dNTPs, 5 pmol/L each of the
forward and reverse primers, and 2.5 U of AmpliTaq
Gold (Perkin Elmer). The final volume of 50 puL was
adjusted with distilled water. The reverse primer was the
universal 1387R (5'-GGGCGGWGTGTACAAGGC-3")
and the forward primer was the universal 63F (5'-CAG-
GCCTAACACATGCAAGTC-3")[12]. The thermal
cycling protocol was an initial denaturation at 94 C for
5 min, followed by 30 cycles of 94 C for 45 s, 55 C
for 45 s, and 72 C for 90 s, and a final extension step
under 72 “C for 7 min. Products from the amplification
reactions of expected size (approximately 1.3 kbp) were
excised from 1% regular agarose gels and purified with
Wizard PCR Clean-Up system (Promega) under the
manufacturer’s instructions.

2.5 Cloning and RFLP analysis of 16S rRNA genes

The purified PCR products were cloned into the
vector PCR 2.1 TOPO (Invitrogen) and transformed by
Escherichia coli TOP-10F competent cells according to
the manufacturers’ instructions (Invitrogen, Carlsbad,
Calif.). After growing overnight on plates with ampicillin
(100 mg/mL) and X-gal (15 mg/mL), putative positive
clones were identified based on the blue-white screening.
White colonies from each library were randomly selected
and the inserts were re-amplified with the vector primers
M13F and M13R[13]. The products were then digested
with 1U restriction endonucleases HinPI and MspI each
mixed in 1x NEB buffer (New England Biolabs, Beverly,
Mass.) overnight at 37 °C. The restriction fragments
were separated by gel electrophoresis in 3.0% agarose
with ethidium bromide staining and observed on UV
illumination. The RFLP banding patterns were analyzed
and clustered with Molecular Analyst 1.6 software
(Applied Math, Kortrijk, Belgium) by using the
unweighted pair group method with arithmetic averages
and the Jaccard algorithm. At last, the representative
clones were selected for nucleotide sequence
determination.

2.6 DNA sequencing and phylogenetic analysis

To understand the phylogenetic diversity in both
sites, all clones with unique RFLP banding patterns were
partially sequenced. Sequence identification was
estimated initially by BLASTN facility from the National
Center for Biotechnology Information (http://www.ncbi.
nlm.nih.gov/). Before constructing the phylogenetic tree,
these 16S rRNA sequences in NCBI databases affiliated
with the acidophiles were chosen as references and these
acidophiles were often reported in AMD. These 16S
rRNA sequences (including the references sequences and
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researched sequences) were then alignmented using
CLUSTAL W (with the following parameters: Gap
opening penalty 5.00 and gap extension penalty 0.05)
[14]. The final 16S rRNA phylogenetic tree was
constructed with Mega III software [15]. Pairwise
distances were calculated with the distance only option
and the phylogeny tree was constructed using the
Neighbor-Joining method (bootstrap test of the
phylogeny: 500 replicates, seed 70 189)[16].

2.7 Statistical methods

The diversity index (H) was calculated as follows:
H==>(pi)(1g.pi), where p; is the proportion of the RFLP
banding pattern. At the same time, we also performed a
rarefaction analysis to check if the clone number is
sufficient to detect community diversity. The relationship
of the abundances of operational taxonomic units(OTUs)
to the ranks of the corresponding OTUs was fitted with a
nonlinear statistical model (SigmaPlot v. 8.0):

y=a[1-exp(~bx)]
where y is the abundance of an OTU, X is the rank of the

corresponding OTU, and a and b are regression
parameters[17].

2.8 Nucleotide sequence accession numbers

All of the sequences described in this study have
been submitted to GenBank under accession numbers
from EU250215 to EU250265.

3 Results

3.1 Geochemical properties of two sites

The temperature of two sites was the same of 25
‘C, but the pH values were different. The pH was 1.8 in
Teishu reservoir and 2.5 in Weikang reservoir (Table 1).

The concentrations of the elements were
significantly different at the two sites, according the
ICP-AES analysis. Sample TS was distinguished by the
unique geochemical characteristics such as high sulfate
concentration (52 381 mg/L), high iron concentration (81
524 mg/L), and especially very high concentration of
arsenide (20 790 mg/L). The concentrations of these
elements (sulfate, iron and arsenide) were respectively
41 and 75, 932 times higher than those of the WK
sample (Table 1). Compared with the TS sample, only
the concentration of element potassium in site WK (4.87
mg/L) was a little higher than that of TS sample (<1
mg/L).

3.2 RFLP analysis of 16S rRNA gene clone libraries
The PCR products of 16S rRNA (1.3 kb) gene with
the expected size were successfully amplified from
community genomic DNA from the samples. After T-A
cloning, a total of 202 16S rRNA positive colones (112

from TK and 90 from WK) were recovered from two
samples, and then, these clones were screened by RFLP
analysis. The rarefaction curves suggested that the
number of OTUs at all sites was close to the asymptotic
level (Fig.1). RFLP analysis revealed extensive diversity
of 16S rRNA genes of these samples.

Table 1 Geochemical properties and diversity index at two sites,
TS and WK (mg/L)

Element TS WK Element TS WK
Ag 1.16 0.35 Ti 4.7 0.16
Al 2620 9.93 Mn 815.9 8.73
As 20790 2231 Mo 10.66 0.33
Ca 532.6 226.9 Ni 20.36 0.75
Cd 56.13 1.3 P 784.2 11.24
Co 11.63 0.36 Pb 42.57 2.96
Cr 435 0.26 S 52381 1273
Cu 95.9 2.61 Sb 566.5 1.88
Fe 81524 1084 Si 73.64 4.92
Hg 26.3 0.58 Sn 85.99 0.65
K <1 4.87 HY 1.565 14 4.489 34
w 157.6 4.48
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Fig.1 Evaluation of representation of clones obtained from
samples TS and WK by rarefaction analysis

Sixteen and thirty patterns of 16S rRNA gene at TS
and WK were detected, respectively. Only three patterns
(GXDC-9, GXDC-19 and GXDC-50) detected in sample
TS can also be detected in sample WK. In the sample TS,
two RFLP patterns (GXDC-6 and GXDC-50)
represented 29.5% and 33.9% among the total clone
populations, respectively. In the sample WK, the
dominant RFLP patterns GXDC-24 represented 16.7% of
the total clone populations (Table 2). The diversity indexes
calculated showed that the diversity index of sample WK
(H=4.489 34) was three times higher than sample TS
(H=1.565 14).
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Table 2 Distribution and affiliation of clones in 16s rDNA libraries

Clone TS WK Affiliation Clone TS WK Affiliation
GXDC-1 2 0 Nitrospira GXDC-29 0 1 Nitrospira
GXDC-3 21 0 Acidithiobacillus GXDC-30 0 1 Acidobacteria
GXDC-5 3 0 Nitrospira GXDC-31 0 1 Nitrospira
GXDC-6 33 0 Acidithiobacillus GXDC-32 0 5 Acidobacteria
GXDC-8 2 0 Nitrospira GXDC-33 0 1 Alpha-proteobacteria
GXDC-9 2 2 Nitrospira GXDC-35 0 3 Other

GXDC-10 1 0 Acidithiobacillus GXDC-36 0 1 Acidobacteria
GXDC-11 1 0 Nitrospira GXDC-37 0 6 Nitrospira
GXDC-12 2 0 Acidithiobacillus GXDC-38 0 4 Legionella
GXDC-13 1 0 Alpha-proteobacteria GXDC-39 0 3 Nitrospira
GXDC-14 1 0 Acidithiobacillus GXDC-40 0 1 Acidobacteria
GXDC-15 1 0 Pseudomonas putida GXDC-41 0 1 Acidithiobacillus
GXDC-16 2 0 Nitrospira GXDC-42 0 2 Acidobacteria
GXDC-18 1 0 Nitrospira GXDC-43 0 1 Alpha-proteobacteria
GXDC-19 1 3 Nitrospira GXDC-44 0 1 Nitrospira
GXDC-20 0 3 Acidobacteria GXDC-45 0 5 Acidithiobacillus
GXDC-21 0 1 Acidobacteria GXDC-46 0 4 Nitrospira
GXDC-23 0 6 Acidobacteria GXDC-47 0 3 Nitrospira
GXDC-24 0 5 Acidithiobacillus GXDC-48 0 2 Acidobacteria
GXDC-25 0 15 Acidobacteria GXDC-49 0 1 Legionella
GXDC-26 0 4 Pseudomonas putida GXDC-50 38 1 Nitrospira
GXDC-27 0 2 Acidobacteria GXDC-51 0 1 Nitrospira

3.3 Phylogenetic analysis

Phylogenetic tree was established with a bootstrap
neighbor-joining method. According to the phylogenetic
analysis, all 16S rRNA gene clone sequences fell into
four putative phylogenetic classes: Alpha- and Gamma-
Proteobacteria, Acidobacteria and Nitrospira (Fig.2). In
sample WK, four classes were all detected. But in sample
TS, only three classes were observed, which were
Alpha-Proteobacteria (0.89%), Gamma-Proteobacteria
(52.68%) (composed of Acidithiobacillus ferrooxidans)
and Nitrospira (46.43%) (Table 3).

According to clone library analysis, the composition
of microbial community in sample TS was much simpler
than that of WK. Nitrospira and Gamma-Proteobacteria
were the most dominant microorganisms in the
phylogenetic tree based on the 16S rRNA gene sequence.
Nearly all microorganisms affiliated with the Nitrospira
were composed of Leptospirillum ferrooxidans except
for clone GXDC-19 (Fig.2). There are eight OTUs
associated with Leptospirillum ferrooxidans.
Gamma-Proteobacteria ~ was ~ another ~ dominant
microorganism according to the phylogenetic analysis. In
this class, most of the OTUs (45.54% of all clones in TS)
were affiliated with Acidithiobacillus ferrooxidans

except for GXDC-15, which was associated with
Pseudomonas putida (0.89% of all clones at TS) (Table
3). Moreover, Acidiphilium, which was affiliated with
Alpha-Proteobacteria, was also detected, but only 0.89%
of the clones were associated with this class.

In sample WK, Acidobacteria was the most
dominant group based on the phylogenetic analysis
(43.33% of all clones), but it was not detected in sample
TS. Nitrospira was the second larger population of the
microbial community (28.89% of all clones) (Table 3).
Compared with sample TS, the microorganisms affiliated
with Nitrospira include Leptospirillum ferrooxidans,
other than Leptospirillum ferriphium (Fig.2). Gamma-
Proteobacteria was another dominant group, which was
comprised by Acidithiobacillus ferrooxidans (17.4% of
all clones) and Legionella sp. (6% of all clones).
Moreover, two sequences (GXDC-33 and GXDC-43)
comprising 2.22% of the entire microbial communities at
WK were affiliated with Alpha-Proteobacteria.

4 Discussion

Currently, AMD environments have been set as
model systems for analysis of biogeochemical interactions
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Fig.2 Phylogenetic analysis of recovered 16S rRNA gene sequence (n is number of clones)
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Table 3 Microbial composition found at two sites

Microorganisms WK/% TS/%
Nitrospira 28.89 46.43
Alpha-proteobacteria 2.22 0.89
Other Gamma-proteobacteria 13.33 0.89
Acidobacteria 43.33 0
A.ferrooxidans 12.22 51.79

and microbial community structure and function[18].
Every AMD system has certain microbial niches for
variations in environmental data[19—20]. In this work,
culture-independent molecular methods (PCR-RFLP)
were employed, including 16S rDNA clone library
analysis and sequence determination. Microbial
community structures in two AMD samples (TS and WK)
from Dachang metals-rich mine in Guangxi province of
China have been identified. According to RFLP analysis,
there were 44 OTUs detected in two samples. All these
44 OTUS fell into four putative classes, which were
Alpha-Proteobacteria, Gamma-Proteobacteria, Acido-
bacteria and Nitrospira.

The results of the present study indicated that the
microbial diversity level in sample TS was much lower
compared with that in sample WK. The difference may
be attributed to the divergence of ion concentrations at
the similar temperature. Iron, sulfur, especially arsenic
concentrations in sample TS were much higher than
those in sample WK. It has been shown that arsenic is
toxic to most typical acidophilic thermophiles used for
bioleaching, either arsenate [As(V)] or arsenite [As(III)]
[21]. The resistance of As has been reported in
Acidiphilium multivorum, A.ferrooxidans, Leptospirillum,
‘Ferroplasma acidarmanus’ and Metallosphaera sedula
[22-26]. Of all above microorganisms, A.ferrooxidans
and Leptospirillum showed the best resistance to As(I1I)
(6 300 mg/L and 4 500 mg/L, respectively)[23, 26]. This
might be the reason that the majority of bacteria
(98.22%) in the sample TS were related to
Acidithiobacillus  ferrooxidans and Leptospirillum
ferrooxidans. Moreover, previous studies indicated that
some microorganisms affiliated with Gallionella
ferruginea and Thiomonas were also often detected at the
AMD with higher concentration of arsenic [26—27].
These microorganisms efficiently remove As(IIl) and
As(V) in water[27]. However, these bacteria were not
observed in the TS site, where the concentration of As
was higher. In sample TS, Acidithiobacillus ferrooxidans
and Leptospirillum ferrooxidans were two dominant
microorganisms. They might play a more important
ecological role in environments such as TS, compared
with Gallionella ferruginea and Thiomonas.

Legionella species, a facultative intracellular Gram-
negative microorganism[28—29], was frequently detected

in aquatic environments and was well known for their
role as the agent of Legionnaires’ disease. However, their
occurrence in extremely acidic AMD environments has
only been reported by KATHY et al [30]. They found
four known Legionella species by investigating a
predominately eukaryotic algal mat community in a pH
2.7 geothermal stream in Yellowstone National Park[30].
In the present study, Legionella species was also detected
and constituted the third dominant microorganism in
sample WK where the pH was 2.5. This suggested that
the bacteria might be useful in the process of bioleaching
or the shaping of AMD. But the actual role of this
microorganism still needs to be further confirmed.
Generally, isolation was necessary to define their
ecophysiological roles and characteristics. But by far,
there were no pure cultures of Legionella species that can
grow at low-pH environments.

In the present study, the microbial diversity of AMD
sites in Guangxi province was investigated and the
potential relationship between geochemistry and
microbial community composition was also studied.
There are some interesting phenomenons such as the
tolerance capability of acidophiles to heavy metal,
especially as might need further clarification. From our
results it seems that the geochemistries of the mine
waters have an important effect on determining the
composition of microbial communities.

5 Conclusions

1) The microbial diversity level in sample TS is
much lower compared with that in sample WK.

2) According to clone library analysis, the
composition of microbial community in sample TS is
much simpler than that in sample WK. Nitrospira and
Gamma-Proteobacteria are the most dominant
microorganisms in the phylogenetic tree based on 16S
rRNA gene sequence. In sample WK, Acidobacteria is
the most dominant group based on the phylogenetic
analysis (43.33% of all clones), and Nitrospira is the
second larger population of the microbial community
(28.89% of all clones).

3) The difference may be attributed to the
divergence of ion concentrations at the same temperature.
Iron, sulfur, especially arsenic concentrations in sample
TS are much higher than those in sample WK. It seems
that the geochemistry of the mine waters have an
important effect on determining the composition of
microbial communities.
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