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Acid mine drainage (AMD) is an extreme environment, usually with low pH and high concentrations of
metals. Although the phylogenetic diversity of AMD microbial communities has been examined extensively,
little is known about their functional gene diversity and metabolic potential. In this study, a comprehensive
functional gene array (GeoChip 2.0) was used to analyze the functional diversity, composition, structure, and
metabolic potential of AMD microbial communities from three copper mines in China. GeoChip data indicated
that these microbial communities were functionally diverse as measured by the number of genes detected, gene
overlapping, unique genes, and various diversity indices. Almost all key functional gene categories targeted by
GeoChip 2.0 were detected in the AMD microbial communities, including carbon fixation, carbon degradation,
methane generation, nitrogen fixation, nitrification, denitrification, ammonification, nitrogen reduction, sulfur
metabolism, metal resistance, and organic contaminant degradation, which suggested that the functional gene
diversity was higher than was previously thought. Mantel test results indicated that AMD microbial commu-
nities are shaped largely by surrounding environmental factors (e.g., S, Mg, and Cu). Functional genes (e.g.,
narG and norB) and several key functional processes (e.g., methane generation, ammonification, denitrifica-
tion, sulfite reduction, and organic contaminant degradation) were significantly (P < 0.10) correlated with
environmental variables. This study presents an overview of functional gene diversity and the structure of AMD
microbial communities and also provides insights into our understanding of metabolic potential in AMD

ecosystems.

When sulfide ores are exposed to air, water, and microbes
(autotrophic and heterotrophic archaea and bacteria) during
the exploration of coals and metal deposits, acid mine drainage
(AMD), which usually has low pH and high concentrations of
sulfate and metals, is formed (5, 8, 34, 52). AMD is a prevalent,
international environmental problem that threatens aquatic
life and surrounding ecosystems (11, 15, 21, 24, 26, 33, 43, 44),
although it also has been regarded as an excellent model to
investigate linkages between microbial communities and geo-
chemistry because of its relatively simple microbial community
composition and structure (5, 6, 8). A better understanding of
the microbial community diversity and ecology in AMD would
provide a scientific foundation not only for the bioremedia-
tion of AMD-contaminated environments but also for po-
tential applications for the energy-efficient recovery of valu-
able metals from mine waste and the removal of sulfur from
coal (6, 23).

The phylogenetic diversity of AMD microbial communities
has been well studied by 16S rRNA-based approaches, includ-
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ing PCR cloning (36, 54, 55, 57), denaturing gradient gel elec-
trophoresis (DGGE) (10, 20, 21), fluorescence in situ hybrid-
ization (9, 29, 40), and oligonucleotide microarrays (14, 56).
For instance, the DNA sequencing of a natural acidophilic
biofilm (pH 0.80) revealed that pathways for carbon and ni-
trogen fixation and energy generation might occur in these
communities and provided insight into survival strategies in
such an extreme environment (45). Gene expression and met-
abolic functions in a natural AMD microbial biofilm also were
examined using proteomic approaches (37). A novel cyto-
chrome was found to play an important role in iron oxidation
(37). Community genomic and proteomic analyses of the
chemoautotrophic iron oxidizers Leptospirillum rubarum (group
I) and Leptospirillum ferrodiazotrophum (group III) showed
that both groups had genes involved in carbon fixation and the
biosynthesis of vitamins, fatty acids, and biopolymers that were
active (16). In another study, the denitrification potential was
examined by microcosm incubations using sediment from acid-
ified streams, and results suggested that denitrification oc-
curred in AMD streams and reduce acidity if stimulated within
the environment (4). In addition, several studies have focused
on the phylogenetic response of AMD microbial communities
to geochemical variables, and the results showed that the mi-
crobial communities were shaped mainly by the surrounding
environmental factors, such as pH, S, and metal ions, including
Pb, Zn, Cu, and Fe?" (5, 8, 57). However, although all of the
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studies described above revealed some functional potential
and activity in AMD microbial communities, little is known
about the functional diversity and metabolic potential at the
community level, and the relationship between the functional
gene structure of AMD microbial communities and the sur-
rounding environmental factors remains unclear. Therefore, a
more comprehensive characterization of the AMD microbial
communities is necessary to provide a full picture of their
functional potential and the underlying mechanisms control-
ling the AMD microbial community diversity and structure.

GeoChip 2.0, a functional gene-based microarray, contains
more than 24,000 probes covering about 10,000 genes in 150
functional groups involved in carbon, nitrogen, sulfur, and
phosphorus cycling, metal resistance, and organic contaminant
degradation (18). It has been used to analyze microbial com-
munities from different habitats, such as soil (25, 53, 60), water
(18, 42, 46, 47), oil fields (28), marine sediment (49), extreme
environments (31, 48), bioreactor systems (38), and other hab-
itats (22).

In this study, GeoChip 2.0 was employed to address two key
questions. (i) What is the functional gene diversity, structure,
and metabolic potential of AMD microbial communities? (ii)
How does the functional structure of microbial communities
respond to environmental variables? To answer these ques-
tions, five AMD samples were obtained from three copper
mines in southeast China. Our results showed that, in contrast
to previous thoughts, microbial functional gene diversity was
quite high in AMD microbial communities, which might be
shaped largely by the surrounding environmental factors. This
study provides a comprehensive survey of the functional gene
diversity and metabolic potential of AMD microbial commu-
nities and insights into linkages between AMD microbial com-
munities and environmental factors.

MATERIALS AND METHODS

Site description, sample collection, and geochemical analysis. A total of five
AMD samples were collected in April 2007 from three copper mines, Tongchang
(TC), Yinshan (YS), and Yongping (YP), in southeast China (see Table S1 and
Fig. S1 in the supplemental material). TC is located in a northeast-trending
magmatic belt along the southeastern margin of the Yangtze Craton, and it is the
largest open-pit copper mine in China and the third largest in the world (17, 27).
It has been mined for more than 800 years and currently produces more than
100,000 tons of ore per year (55). Large amounts of mine waste are produced and
exposed to air and water, resulting in a significant amount of AMD. YS, ~15 km
to the west of TC, is a deep open-pit and multimetal mine located in the Le-De
metallogenic belt in Jiangxi Province (58). YP, ~90 km south of TC, is a Cu-Mo
deposit located in the Huaiyushan-North Wuyishan Cu-Pb-Zn polymetallic met-
allogenic belt in southeastern China (27).

Two samples were obtained from both TC and YS. TC_SLS was obtained from
an accumulated water pool in the working area of TC, and TC_DWT was
obtained from a pump station where AMD, rain water, and accumulated water
were pumped from the open pit. YS_WKB was obtained from an accumulated
water pool near the tailing dam of YS, and YS_1SJ (mixture of ground water,
AMD, and accumulated water at 160 m below ground) was obtained from the no.
1 vertical shaft in YS. The YP sample was obtained from an accumulated water
pool in the opencast working zone of YP.

Water (50 liters) was obtained from three different locations within each site
at 0 to 10 cm below the water surface. All samples were transferred to the
laboratory within 48 h at room temperature. Since low DNA yields were obtained
from all samples, the three replicates were combined, resulting in one sample for
each site. A total of 50 ml of the original water samples was used for geochemical
analysis. The remainder of each water sample was filtered (0.22-um nylon fil-
ters), and the filters were stored at —80°C until used for DNA extraction.

The latitude and longitude of sampling locations were determined using a
Garmin eTrex (Garmin, KS). The temperature and pH of each site were mea-
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sured on site. A total of 20 elements were measured using inductively coupled
plasma-atomic emission spectrometry (ICP-AES; PS-6; Baird).

Microbial community DNA isolation and purification. The community DNA
was extracted using a freeze-grinding method as described previously (59) and
purified using a Promega Wizard DNA clean-up system (Madison, WI) accord-
ing to the manufacturer’s directions. DNA quality was evaluated by the absor-
bance ratios at A,0/A55 and A,e0/A 3 using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies Inc., Wilmington, DE). Only DNA with A4,/
Asgy and A,e0/A30 ratios of >1.7 and 1.8, respectively, were used for further
analysis. DNA was quantified using PicoGreen (1) and a FLUOstar Optima
(BMG Labtech, Jena, Germany). Purified DNA was stored at —80°C until used.

Microbial community DNA amplification, labeling, microarray hybridization,
and scanning. DNA (100 ng) was amplified using a Templiphi kit (GE Health-
care, Piscataway, NJ) with the modification of adding 0.1 wM spermidine and 260
ng - pl~! single-stranded DNA binding protein to improve the amplification
efficiency and representativeness (50). The amplified DNA (~2.5 pg) was la-
beled with the fluorescent dye Cy5 (GE Healthcare) by random priming (46, 50).
Labeled DNA was purified with a QIAquick purification kit (Qiagen) and then
dried in a SpeedVac (45°C, 45 min; ThermoSavant). Dried, labeled DNA was
suspended in hybridization buffer (130 pl; 50% formamide, 3X SSC [1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate], 0.3% SDS, 0.7 pg - pl~* Herring
sperm DNA, 0.85 mM dithiothreitol [DTT]), denatured at 98°C for 3 min, and
then kept at 65°C until hybridization. Hybridizations were performed at 42°C for
10 h using a Tecan HS4800 Pro hybridization station (Tecan). All samples
were amplified, labeled, and hybridized in triplicate as pseudoreplicates.
After hybridization, arrays were scanned with a ScanArray 500 microarray
scanner (PerkinElmer, Boston, MA) at 633 nm using a laser power of 90% and
a photomultiplier tube (PMT) gain of 75%. Scanned images were processed
using ImaGene, version 6.1 (BioDiscovery, El Segundo, CA).

GeoChip data preprocessing. Raw data obtained using ImaGene were uploaded
to our laboratory’s microarray data manager (http://ieg.ou.edu/microarray/) and
preprocessed using the data analysis pipeline with the following major steps: (i)
spots flagged as poor quality by ImaGene 6.1 and with a signal-to-noise ratio
[SNR; SNR = (signal intensity — background)/standard deviation of back-
ground] of less than 2.0 were removed; (ii) the normalized intensity of each spot
was calculated by dividing the signal intensity of each spot by the mean intensity
of the effective spots of the array; (iii) if any replicates had a signal intensity
minus mean signal intensity of more than two times the standard deviation, this
replicate was removed as an outlier; and (iv) at least two spots out of three
replicates were required for a gene to be positive. Preprocessed GeoChip data
were used for further statistical analysis.

Statistical analysis. The paired spatial distance matrices (as the spatial
distance factor) of all samples were calculated with the latitude and longitude
data using a web-based program (http://www.movable-type.co.uk/scripts
/latlong.html). Physical (pH and temperature) and chemical (elements) proper-
ties of AMDs (as geochemical factors) were z transformed to convert all mea-
surements to the same scale prior to further analysis using the formula z = (x; —
X)/s, where x; is the sample value, X is the mean of all samples, and s is the
standard deviation (41).

Principal component analysis (PCA) was performed to analyze the geochemi-
cal gradient with CANOCO (version 4.5; Biometris-Plant Research Interna-
tional, The Netherlands). Diversity indices and Mantel tests were performed
using R 2.9.1 (http://www.r-project.org/). The Mantel test (30) is a statistical test
of the correlation between two matrices and is commonly used in ecology.
Hierarchical clustering analysis was performed with CLUSTER (http://rana.lbl
.gov/EisenSoftware.htm) and visualized by TREEVIEW (12).

RESULTS

Geochemical properties in sampling sites. The five AMD
samples were obtained from five different sites, with TC_SLS
and TC DWT being close to each other, YS WKB and
YS_1SJ being close to each other, and YP being distant from
both TC and YS (see Fig. S1 in the supplemental material).
TC_SLS had the highest temperature (30°C), which was almost
10°C higher than that of YS_WKB and 13.5°C higher than
those of the other three AMDs. The pH was not substantially
different among these samples and ranged from 2 to 3 (see
Table S1 in the supplemental material). These samples were
heterogeneous in terms of geochemical components, but all
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TABLE 1. Geochemical properties of sampled AMD
Amount (pg/ml) in sample

Sample ID

Fe Al Mg Ca Zn Mn Cu Si Na P Ni Co V B Y La Zr Sc Ba
TC_SLS 10,151 5,158 1,410 5629 304.7 19 134 40.6 66.6 6.1 527 61 45 15 12 07 06 05 04 02
TC_DWT 1,252 777.8 153.8 97.1 109.9 22 203 49 28 107 63 12 04 03 02 02 03 03 007 02
YS_WKB 14,034 9,887 2,854  874.8 2273 4559 660 4912 657 306 652 95 3.6 3.6 22 19 14 07 08 02
YS_1SJ 1,735 6199 102  249.1 163.1 5715 193.7 397 203 1104 41 2 05 02 02 02 02 02 007 0.1
YP 4,713 3,423 314 4783 5904 122 202 80.7 58.8 92 244 26 17 09 08 05 07 05 02 02

were rich in sulfur (1.25 ~ 14.03 g/liter) and metals, such as Fe
(0.62 ~ 9.90 g/liter), Al (0.10 ~ 2.85 g/liter), Mg (0.10 ~ 0.56
g/liter), and Ca (0.11 ~ 0.60 g/liter). YS_WKB and YS_1SJ
had much higher concentrations of Mn (0.19 ~ 0.66 g/liter), Na
(0.03 ~ 0.11 g/liter), and Zn (0.46 ~ 0.57 g/liter) than other
AMDs. This may be because they were close to each other at
the same Cu mine (Table 1). In general, YS_WKB had the
highest concentration of most elements, especially Cu, S, and
Mg, whereas TC_DWT had the lowest (Table 1). These rela-
tionships also were indicated by PCA, with 91.3% of the total
variance being explained by the first two axes (PC1 and PC2).
PC1 explained 72.9% of the total variance, and PC2 explained
18.4% of the total variance (see Fig. S2 in the supplemental
material).

Overview of functional gene diversity and structure of AMD
microbial communities. The examined microbial communities
showed high variations among these five AMD samples as
measured by the number of detected genes, overlapping genes
between samples, unique genes, and diversity indices (Table 2;
also see Table S2 and S4 in the supplemental material). The
number of detected genes was 1,051, 985, 653, 185, and 157 for
YS_WKB, YP, TC_DWT, YS_1SJ, and TC_SLS, respectively.
YP and YS_WKB had the most overlapped genes (708;
49.9%), while YS_1SJ and YP had the fewest (107; 9.6%). As
expected, YS_WKB had the highest number of unique genes
(260; 23.6%), while TC_SLS had the fewest (13; 7.7%) (Table
2). Simpson’s reciprocal diversity index (1/D) was highest in
YS_WKB and lowest in YS_1SJ (621.27 and 92.35, respec-
tively), with the overall diversity in the following order:
YS WKB > YP > TC_DWT > TC_SLS > YS_1SJ. Similar
results were observed with the Shannon-Weaver index (H').
Evenness was comparable (0.53 to 0.59) for the four surface/
subsurface samples, while it was lower for the deep under-
ground sample (0.46) (Table 2). Among the 1,530 genes de-
tected in at least one sample, 176 were involved in carbon
degradation, 43 in carbon fixation, 31 in methane oxidation, 6

in methane generation, 231 in nitrogen cycling, 322 in metal
resistance, 85 in sulfite reduction, and 636 in contaminant
degradation (see Table S2 and Fig. S3 in the supplemental
material).

Phylogenetically, 1,448 genes were derived from bacteria,
23 from archaea, and 96 from fungi. For bacteria, 246 genes
were from Alphaproteobacteria, 135 from Betaproteobacteria,
356 from Gammaproteobacteria, 62 from Deltaproteobacte-
ria, 144 from Actinobacteria, 43 from Cyanobacteria, 106 from
Firmicutes, and 8 from Planctomyces (see Table S3). Taken
together, these results indicated the overall functional gene as
well as the phylogenetic diversity of these AMD microbial
communities appeared to be quite high.

Analysis of detected functional genes. To visualize the pat-
terns of all detected functional genes among these five AMD
samples, a cluster analysis was performed (Fig. 1). A total of
five different patterns were observed. Group 1 was the smallest
cluster, containing only 41 (2.67%) genes detected primarily in
TC_SLS. Most of these genes are involved in organic contam-
inant degradation and metal resistance. Group 2 had 443
(28.90%) genes, primarily from YP, with most of these genes
being involved in organic contaminant degradation, carbon
degradation, and nitrogen fixation. Group 3 contained 105
(6.85%) genes, primarily in TC_1SJ, and most are involved in
denitrification and carbon degradation. Group 4 had 442
(28.83%) genes detected primarily in YS_WKB, and most are
involved in metal resistance and dissimilatory sulfite reduction.
Group 5 was the largest cluster, with 500 genes (32.62%) pri-
marily from TC_DWT, although many of these genes also were
detected in YS_WKB and YP. Most of these genes are in-
volved in ammonification, carbon fixation, and organic con-
taminant degradation (Fig. 1). To better understand the func-
tional processes of the AMD microbial communities involved
in metal resistance, sulfur metabolism, and carbon and nitro-
gen metabolism, more-detailed analyses of these gene groups
were performed.

TABLE 2. Gene overlap, uniqueness, diversity indices, and total detected gene numbers of AMD samples®

Unique and Shannon Shannon Total no.

lap eenes TC_SLS TC_DWT YS_WKB YS_1SJ YP Weaver Weaver 1/D of genes

overiap g index evenness detected
TC_SLS 13 (7.7) 141 (19.6) 151 (13.5) 46 (14.2) 142 (13.5) 4.85 0.59 100.25 157
TC_DWT 90 (13.0) 549 (44.2) 94 (11.8) 485 (39.3) 6.21 0.53 367.05 653
YS_WKB 260 (23.6) 115 (9.7) 708 (49.9) 6.72 0.56 621.27 1,051
YS_1SJ 70 (35.0) 107 (9.6) 4.95 0.46 92.35 185
YP 256 (24.9) 6.65 0.57 588.6 985

“ Values in parentheses are percentages. Italicized values indicate the number of
genes in each sample.

overlapping genes between samples, boldface values indicate the number of unique
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FIG. 1. Hierarchical cluster of the five AMD samples based on
the signal intensity of all detected genes. The figure was generated
by CLUSTER and visualized by TREEVIEW (http://rana.lbl.gov
/EisenSoftware.htm). Black represents no hybridization above back-
ground levels, and gray represents positive hybridization. The color
intensity indicates differences in hybridization signal. Average signal
intensities of these groups for each sample are shown on the right.

Metal resistance. Since the AMD environments are rich in
various metals, such as Fe, Zn, and Cu, metal resistance genes
were examined. A total of 242, 213, 138, 42, and 38 genes involved
in metal resistance/reduction were detected in YS_WKB, YP,
TC_DWT, TC_SLS, and YS_18J, respectively (see Table S2 in
the supplemental material). Generally speaking, the relative
abundances of Cu and Zn resistance genes were high, while
those of As and Ni resistance genes were low in TC_SLS.
TC_DWT had a high relative abundance of Cr and Se resis-
tance genes but a low relative abundance of Cd and Hg resis-
tance genes. YS_WKB had high relative abundances of Cd and
Pb resistance genes. YS_1SJ had high relative abundances of
As, Co, Ni, and Ag resistance genes but low relative abun-
dances of Cr and Te resistance genes. YP had the lowest
relative abundance of Cu resistance genes among the five sam-
ples (Fig. 2). A Mantel test showed that the abundance of Zn
resistance genes was positively correlated with the Zn concen-
tration (r = 0.427; P = 0.049), although no such significant
correlations were observed for other metals and their related
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FIG. 2. Relative abundance of detected metal resistance genes.
The relative abundance of genes was calculated by dividing the total
signal intensity of each group of metal resistance genes by the total
intensity of all metal resistance genes detected by GeoChip 2.0.
Groups of metal resistance genes include As, Cd, Cr, Co, Cu, Hg, Ni,
Te, and Zn.

gene abundances. All of these results indicate that metal re-
sistance genes were highly diverse among all AMD microbial
communities.

Sulfur metabolism. High concentrations of sulfur were ob-
served in all five AMD samples (Table 1), and sulfur metabo-
lism is considered an important process in AMD microbial
communities. GeoChip 2.0 contains probes for dsr4 and dsrB
to analyze potential sulfur reduction and sulfate-reducing bac-
terial populations, although it does not have functional mark-
ers for sulfur oxidation. dsr4 and dsrB were detected in all
samples (YP, 55; YS_WKB, 51; TC_DWT, 27; YS_1SJ, 9; and
TC_SLS, 8) (see Table S2). Of 85 dsrA genes detected, 26
were from uncultured sulfate-reducing bacteria, 17 from
laboratory clones, and 42 from cultured sulfate-reducing
bacteria (Fig. 3). Hierarchical cluster analysis showed that
YS_1SJ and YS_WKB clustered together, while TC_SLS
and TC_DWT clustered together and then with YP, which ap-
peared to be geographically dependent (Fig. 3). Mantel test
analysis showed no significant (r = —0.313; P = 0.834) corre-
lation between the S concentration and the abundance of dsr4
and dsrB genes. These results suggest that S reduction occurs
in these AMD microbial communities, and that the sulfate
reduction potential is geographically dependent.

Functional genes involved in the C cycle. Since carbon
sources are severely limited in AMD, microbial carbon cycling
may play an important role in this ecosystem. The metabolic
potential for carbon fixation, carbon degradation, methane
generation, and methane oxidation were detected in all five
samples (Fig. 4a). A key enzyme, D-ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), involved in carbon fixation
via the Calvin cycle, was detected in all of the AMD samples.
Although there are 391 rbcL probes on GeoChip 2.0, only
15, 12, 9, 2, and 1 genes were detected in YS_WKB, YP,
TC_DWT, TC_SLS, and YS_18J, respectively. Most of detected
genes (16/26) are derived from uncultured bacteria, and 10
were from cultured organisms, including three from Acidithio-
bacillus ferrooxidans and one each from Thiobacillus sp., Rho-
dospirillum rubrum, Thioalkalispira microaerophila, Gloeobacter
violaceus, Bacillus cereus, Methylocapsa acidiphila, and Syn-
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15077475 (Desul fovibrio desulfuricans subsn. desulfuricans)
13249545 (uncultured sulfate-reducing bacterium)
18034301(Desul fovibrio fructosovorans)
FW003143B(1lab clone)

TPB16051B(1lab clone)
31322350(Desulfatibacillum alivhaticivorans)
18034320 (Svntronhobacter fumaroxidans)

14389155 (uncultured sulfate-reducing bacterium)
23393894 (Desul fotiunum balticum)

34017150 (uncultured bhacterium)

FW300167B(1lab clone)

20142095 (uncultured bacterium)

12667640 (uncultured sulfate-reducing bacterium UMTRAdsr617-21)
14389215 (uncultured sulfate-reducing bacterium)
13898413 (uncultured napthalene mineralizing bacterium)
FW300181B(1lab clone)

15080893 (Desul fotomaculum thermoacetoxidans)
20142091 (uncultured bacterium)

FW003181B(1lab clone)

15077472 (Desul foviraa adinica)

14389129 (uncultured sulfate-reducing bacterium)
40313561(Pelotomaculum sp. MGP)

FW003269B(1ab clone)

15076856 (Desul fosnorosinus orientis)
TPB16070B(1lab clone)

18034317 (Syntrovhobacter wolinii)

14389221 (uncultured sulfate-reducing bacterium)
FW015015B(1ab clone)

FW003077Ah(1lab clone)

FW003264B(1ab clone)

40253059 (uncultured sulfate-reducing bacterium)
40253010 (uncultured sulfate-reducing bhacterium)
34017198 (uncultured bacterium)

TPB16241B(1lab clone)

25990790 (uncultured bhacterium)
3236292(Desulfonema limicola)

14389143 (uncultured sulfate-reducing bacterium)
20502017 (uncultured sulfate-reducing bacterium)

FIG. 3. Hierarchical cluster analysis of all five AMD samples based on the hybridization signal intensity of sulfate reduction genes (dsr4 and
dsrB). Genes that were detected only in one sample are not shown. Details for hierarchical cluster analysis are described in the legend to Fig. 1.

echocystis sp. (Fig. 4b). Genes involved in the degradation of
cellulose, chitin, and lignin also were detected, and the highest
signal intensities were observed in YS_WKB and YP (see Fig.
S5 in the supplemental material). For methane metabolism, a
higher signal intensity of methane oxidation genes (mmo and
pmo) was detected than that of methane generation genes
(mcr) in all five AMD samples (see Fig. S5). Most of the mcr
genes were derived from uncultured archaea, which suggests
that archaea play an important role in methane cycling in
AMD. The results described above suggest that most func-
tional processes in the carbon cycle (e.g., carbon fixation and
methane oxidation) exist in AMD systems.

Functional genes involved in the N cycle. A total of 35 nif
genes for nitrogen fixation, 78 genes (ureC and gdh) for am-
monification, 10 genes (nasA) for assimilatory nitrate/nitrite
reduction, 38 genes (amoA, amoB and hao) for nitrification,
and 70 genes (narG, nirS, nirK, narB, norB, and nosZ) for
denitrification were detected across the five AMD samples
(Fig. 5; also see Table S2 in the supplemental material). A total
of 33 nifH gene sequences were detected, with 27 derived from
uncultured microorganisms and six from cultured organisms,
including two from Calothrix sp. and one each from Chlorog-
loeopsis sp., Paenibacillus macerans, Vibrio cincinnatiensis, and
Anabaena variabilis (see Fig. S4). Fifteen amoA genes were
detected, with 2 derived from Nitrosomonas sp. strains C-113a
and AL212, 2 from Nitrosococcus oceani, and 11 from uncul-
tured bacteria.

Six functional genes from denitrification pathways are rep-
resented on GeoChip 2.0. Of these, 23 narG, 17 norB, 15 nirK,
13 nirS, 13 nosZ, and 5 narB genes were detected in the AMD
samples, and most (64.28%) were from as-yet uncultivated
bacteria. Although a low abundance of genes involved in other
nitrogen processes were observed in YS_1SJ, this sample had
a relatively high abundance of the genes involved in denitrifi-
cation, which may be consistent with its anaerobic environment
(Fig. 5). The results described above indicate that most of the
functional genes involved in the nitrogen cycle are present in
AMD systems.

Relationship between microbial communities and environ-
mental factors. To examine if spatial distance and environmen-
tal factors affect the structure of AMD microbial communities,
a Mantel test was performed. Our analysis showed that phys-
ical and geochemical variables had a significantly positive cor-
relation (r = 0.6107, P = 0.015) with microbial communities,
although spatial distance was not significantly correlated with
changes in microbial communities. These results indicated that
AMD microbial communities are shaped largely by the sur-
rounding environmental factors instead of the spatial distance.

To further determine the most key individual environmental
factors affecting the microbial community functional structure,
Mantel tests of all five AMDs were performed with 20 individ-
ual environmental variables. The results showed that the gra-
dients of S, Mg, Cu, Ni, Co, B, and La were significantly (P <
0.05) correlated with the microbial functional structures, while
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7229144 (uncultured deep-sea autotrophic bacterium OTI-12)
217161 (Acidithiobacillus ferrooxidans)

38479625 (Methylocapsa acidiphila)

16331392 (Synechocystis sp. PCC 6803)

=

FIG. 4. Distribution of carbon cycling genes. (a) Normalized signal
intensity of detected genes involved in carbon degradation, carbon
fixation, methane generation, and methane oxidation. (b) Hierarchical
clustering of carbon fixation genes. Details of hierarchical cluster anal-
ysis are described in the Fig. 1 legend.

21038759 (uncultured bacterium)

Fe, AL P, V,Y, Zr, and Sc were marginally significant (P < 0.1)
(Table 3), suggesting that these metals play important roles in
shaping microbial community functional structure in AMD.

Mantel tests were performed further to examine the rela-
tionships between various functional gene groups and environ-
mental factors. Significant (P < 0.05) or marginally significant
(P < 0.10) relationships between environmental factors and
various functional gene groups were observed: methane gen-
eration (r = 0.4899, P = 0.0319), ammonification (r = 0.5822,
P = 0.0299), denitrification (r = 0.4332, P = 0.0779), sulfite
reduction (r = 0.5685, P = 0.0789), and contaminant degra-
dation (r = 0.6027, P = 0.019) (see Table S5). All of the results
described above indicate that AMD microbial communities
and various functional gene groups are shaped largely by the
surrounding environmental factors.

DISCUSSION

AMD represents a widespread environmental problem but
also provides an ideal ecosystem model to better understand
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FIG. 5. Normalized signal intensity of functional genes involved in
the nitrogen cycle. The percentages were calculated by dividing the
total signal intensity for each group by the total intensity of all nitro-
gen-cycling genes detected by GeoChip 2.0. These genes are classified
into five groups: I, nitrogen fixation, including nifH encoding nitroge-
nase reductase; II, ammonification, including gdh for glutamate dehy-
drogenase and ureC encoding urease; 111, nitrification, including genes
amoA, encoding ammonia monooxygenase, and hao, for hydroxy-
lamine oxidoreductase; IV, assimilatory nitrate/nitrite reduction, in-
cluding nasA encoding nitrate reductase; and V, denitrification, includ-
ing narG for nitrate reductase, nirS for nitrite reductase, norB for nitric
oxidereductase, nosZ for nitrous oxide reductase, and nirK encoding
nitrite reductase with denitrification activity.

the structure and function of microbial communities and their
linkages with environmental variables and ecosystem function-
ing. Several studies have detected the activity of or genes
responsible for key functional processes in AMD or AMD-like
environments. Denitrification has been shown to be actively

TABLE 3. Relationship of whole microbial community functional
structure to individual environmental variables revealed by
Mantel test”

Environmental
variable ™’ P
pH 0.1773 0.4016
Temp (°C) —0.3204 0.8092
S 0.5189 0.046
Fe 0.5462 0.0719
Al 0.4711 0.0939
Mg 0.6964 0.018
Ca 0.0546 0.4456
Zn —0.3892 0.8621
Mn 0.1161 0.4465
Cu 0.6964 0.0109
Si 0.1366 0.3676
Na —0.3209 0.8022
P 0.4506 0.0999
Ni 0.5189 0.033
Co 0.5189 0.048
\' 0.4711 0.0709
B 0.5754 0.042
Y 0.5754 0.0539
La 0.6148 0.035
Zr 0.5089 0.0709
Sc 0.4996 0.0789
Ba —0.1201 0.8132

“ The signal intensity of all functional genes among five samples was used as
the first matrix; the normalized environmental variables were used as the second
matrix. Boldface values indicate significant P values (<0.1).

by, Mantel’s correlation coefficient.
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present in AMD microbial communities (4). Genes for several
functional processes, including carbon and nitrogen fixation,
energy generation, protein refolding, oxidative stress, and iron
oxidation, have been detected in a natural acidophilic biofilm
(37, 45). In addition, a recent study has shown that AMD
microbial communities are well adapted to their extreme hab-
itats and can achieve primary production rates comparable to
those of nonextreme environments (7). In this study, our
analysis showed that most of the functional processes targeted by
GeoChip 2.0, including carbon and nitrogen fixation, carbon deg-
radation, methane metabolism, ammonification, nitrification,
denitrification, nitrogen reduction, sulfur reduction, metal resis-
tance and reduction, and organic contaminant degradation,
were detected in all of the AMD samples examined in this
study. Although only five samples from three copper mines
were used for this study, they are typical AMDs and covered
both surface and subsurface (at a depth of 160 m) environ-
ments. As such, results from this study should provide a more
comprehensive view of the functional structure and potential
activity of AMD microbial communities in general. While
AMD generally is considered to be a simple system, this compre-
hensive survey detected almost all major metabolic processes
found in other ecosystems, suggesting that the functional gene
diversity and metabolic potential of AMD microbial communities
is higher than previously thought.

AMD microbial communities contain a variety of microor-
ganisms, including lithoautotrophs, organohetertrophs, litho-
heterotrophs, and anaerobes, and a subset of these organisms
must fix carbon and nitrogen to drive both carbon and nitrogen
cycles. Thiobacillus species, including Acidithiobacillus ferro-
oxidans, are probably the dominant group of CO,-fixing mi-
croorganisms at lower temperatures (<30°C) and higher pH
(>2) (5). The samples examined in this study were from envi-
ronments with similar temperature and pH ranges (<30°C, pH
2 to 3), and four rbcL genes derived from Thiobacillus spp.
were detected. Another 24 rbcL genes also were detected,
which were derived from cultured (6) and uncultured (16)
organisms. In lower pH (<2.0), higher temperature (>30°C)
communities, autotrophic taxa include Leptospirillum spp., Fer-
roplasma spp., Sulfobacillus spp., Ferromicrobium spp., and Aci-
dimicrobium spp. (5), but no autotrophic taxa were detected in
the low-temperature samples from the current study. The sig-
nal intensities of genes involved in methane oxidation and
carbon degradation were similar to or higher than that for
carbon fixation genes but were low for genes involved in meth-
ane generation in all samples.

The nitrogen cycle is one of the most well-known and im-
portant biogeochemical cycles, but little is known regarding
how these processes are affected by extreme environments
such as AMD (4). Although no nitrogen fixation has been
directly observed in AMD systems (5), in this study, GeoChip
detected 33 nifH sequences, 27 derived from uncultured or-
ganisms and 6 from cultured organisms, including Calothrix sp.,
which is able to fix nitrogen (19). This suggests that nitrogen
fixation is a primary process in AMD systems, although the
further functional assay of nitrogen fixation is needed. While
AMD systems generally are exposed to O,, which inhibits
nitrogen fixation, a previous study showed that A. ferrooxidans
might overcome this problem by using tetrathionate as an
electron donor and ferric iron (rather than O,) as an electron
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acceptor for nitrogen fixation (35). Also, denitrification is
thought to be an important geochemical process in AMD sys-
tems (4). This is consistent with our GeoChip data, which
showed that all six denitrification functional gene markers
(e.g., nirS, nirK, norB, and nosZ) were detected. In addition,
nitrification genes were detected, with two amoA genes derived
from Nitrosomonas sp. strains C-113a and AL212 and two from
Nitrosococcus oceani. Interestingly, a high abundance of genes
involved in ammonification (ureC and gdh) was detected. There-
fore, this study indicates that most of the functional genes
involved in carbon and nitrogen cycling are present in AMD
systems. However, the activity of these genes in AMD systems
and the organisms involved need to be experimentally vali-
dated in the future.

AMD systems also are dominated by the oxidation and re-
duction of Fe and S (2, 5, 37, 45). Although sulfate reduction
genes (dsrA and dsrB) were detected, GeoChip 2.0 does not
contain any specific functional genes involved in iron oxidation
or reduction or sulfur oxidation.

It appears that environmental factors (e.g., temperature, pH,
S, and metals) and carbon and nitrogen sources have funda-
mental impacts on AMD microbial community structures. Pre-
vious studies have shown that pH, temperature, Fe, S, Pb, Zn,
Cu, and Ca are important drivers shaping microbial commu-
nity structure in AMD systems (5, 8, 58), and AMD isolates are
able to grow at a range of temperatures (14 to 65°C), so a
change in environment temperature would lead to changes in
microbial community structure and function (5). For example,
previous studies showed that the growth rate of A. ferrooxidans
outcompeted that of Leptospirillum ferrooxidans only below
14°C (39), and that some Sulfobacillus isolates are able to grow
at up to 65°C (3). pH also is considered an important factor
affecting microbial community diversity and structure in AMD
(5, 57). However, temperature and pH did not appear to be
important environmental factors shaping the functional struc-
ture of AMD microbial communities in this study, most likely
because these AMD samples had a similar temperature
(<30°C) and pH range (2.0 ~ 3.0). In addition, previous stud-
ies indicated that Ca, Co, Na, Fe, Mg, P, and K were essential
elements, and that Mn, Cr, Cu, and Zn were required as trace
elements for cell growth in AMD (13, 32, 51). It is not surpris-
ing that S, Mg, Cu, Ni, Co, B, and La were significantly cor-
related with the functional structure of AMD microbial com-
munities in this study.

In summary, both microbial functional and phylogenetic
communities were examined in this study, and almost all genes
involved in carbon, nitrogen, and sulfur cycling and metal re-
sistance were detected by GeoChip 2.0, indicating that the
functional diversity in AMD ecosystems is greater than previ-
ously thought. AMD microbial communities may be shaped
largely by surrounding environmental factors. However, the
DNA-based GeoChip analysis may detect only the functional
potential of microbial communities. Like many studies using
high-throughput technologies, GeoChip results provide rich
sources of new hypotheses for potential community functions,
especially novel functions. Similarly, GeoChip detected func-
tional genes, but not necessarily the actual populations. For
instance, some genes derived from alkaliphiles were detected,
which suggests that the populations carrying those genes could
exist in AMD systems, but it does not mean that they are
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alkaliphiles. To validate those novel functional processes, pop-
ulations, and/or activities, more systematic, in-depth analyses
(e.g., shotgun metagenome sequencing and functional activity
assays) are needed.
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