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Abstract A small watershed heavily contaminated by
long-term acid mine drainage (AMD) from an upstream
abandoned coal mine was selected to study the micro-
bial community developed in such extreme system. The
watershed consists of AMD-contaminated creek, adja-
cent contaminated soils, and a small cascade aeration
unit constructed downstream, which provide an excel-
lent contaminated site to study the microbial response
in diverse extreme AMD-polluted environments. The re-
sults showed that the innate microbial communities were

Weimin Sun and Enzong Xiao contributed equally to this work.

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-016-7653-y) contains supplementary material,
which is available to authorized users.

P4 Tangfu Xiao
xiaotangfu@vip.gyig.ac.cn

State Key Laboratory of Environmental Geochemistry, Chinese
Academy of Sciences, 99 Lincheng Road West,
Guiyang 550081, Guizhou Province, People’s Republic of China

Department of Biochemistry and Microbiology, Rutgers University,
New Brunswick, NJ 08901, USA

Guangdong Institute of Eco-environment and Soil Sciences,
Guangzhou 510650, China

University of Chinese Academy of Sciences, Beijing 100049, China

Department of Environmental Sciences, Rutgers University, New
Brunswick, NJ 08901, USA

Department of Geology, University of Illinois-Urbana Champaign,
Urbana, IL 61801, USA

Innovation Center and Key Laboratory of Waters Safety & Protection
in the Pearl River Delta, Ministry of Education, Guangzhou
University, Guangzhou 510006, China

dominated by acidophilic bacteria, especially acidophilic
Fe-metabolizing bacteria, suggesting that Fe and pH are
the primary environmental factors in governing the in-
digenous microbial communities. The distribution of Fe-
metabolizing bacteria showed distinct site-specific pat-
terns. A pronounced shift from diverse communities in
the upstream to Proteobacteria-dominated communities
in the downstream was observed in the ecosystem. This
location-specific trend was more apparent at genus lev-
el. In the upstream samples (sampling sites just below
the coal mining adit), a number of Fe(Il)-oxidizing bac-
teria such as Alicyclobacillus spp., Metallibacterium
spp., and Acidithrix spp. were dominant, while
Halomonas spp. were the major Fe(Il)-oxidizing bacteria
observed in downstream samples. Additionally,
Acidiphilium, an Fe(Ill)-reducing bacterium, was
enriched in the upstream samples, while Shewanella
spp. were the dominant Fe(Ill)-reducing bacteria in
downstream samples. Further investigation using linear
discriminant analysis (LDA) effect size (LEfSe), princi-
pal coordinate analysis (PCoA), and unweighted pair
group method with arithmetic mean (UPGMA) cluster-
ing confirmed the difference of microbial communities
between upstream and downstream samples. Canonical
correspondence analysis (CCA) and Spearman’s rank
correlation indicate that total organic carbon (TOC) con-
tent is the primary environmental parameter in structur-
ing the indigenous microbial communities, suggesting
that the microbial communities are shaped by three ma-
jor environmental parameters (i.e., Fe, pH, and TOC).
These findings were beneficial to a better understanding
of natural attenuation of AMD.

Keywords Fe(I)-oxidizing bacteria - Fe(Ill)-reducing
bacteria - Fe cycling - High-throughput sequencing
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Introduction

Acid mine drainage (AMD) originates from oxidative disso-
lution of sulfur-containing minerals (e.g., pyrite (FeS,)) due to
metal ores and/or coal mining (Johnson 2003). The chemical
reactions leading to the formation of AMD have been de-
scribed extensively elsewhere (for details, please see reviews
(Baker and Banfield 2003; Hallberg 2010; Johnson and
Hallberg 2005)). In general, AMD is characterized by low
pH and elevated concentrations of metals and metalloids.
This extreme environment is toxic to most prokaryotic and
eukaryotic organisms, posing a severe threat to both aquatic
and terrestrial ecosystems (Johnson and Hallberg 2003).
However, some microorganisms are reported to thrive in
AMD-impacted environments, mediating both the formation
and remediation of AMD, and influence the morphology and
chemistry of minerals. For example, Fe(II)-oxidizing bacteria
(FeOB) increase the rate of oxidative dissolution of pyrite and
play a major role in the genesis of AMD when pH < 4
(Johnson and Hallberg 2003). These moderate or acidophilic
mineral-oxidizing bacteria are distributed in AMD sites
worldwide, and the most frequently encountered bacteria are
Thiobacillus ferrooxidans (Rojas et al. 1995) and
Leptospirillum ferrooxidans (Das and Ayyappan 1999;
Rojas-Chapana and Tributsch 2004). In contrast, the reduction
of sulfate (SO4°") and Fe(IIl) generates alkalinity, leading to
increases in pH and immobilization of metal(loid)s (Vile and
Wieder 1993). Therefore, the sulfate-reducing bacteria (SRB)
or Fe(Ill)-reducing bacteria (FeRB) are potentially significant
in AMD remediation (Johnson 1995; Johnson and Hallberg
2003). Although biotic Fe(Il) oxidation is the major cause of
AMD genesis, precipitation of Fe(Ill) compounds is also a
major metal immobilization process in some engineered
AMD treatment systems such as wetlands and bioreactors
(Johnson and Hallberg 2005). In light of the variety of docu-
mented microbial processes, there is great potential to harness
these microbes to treat AMD. However, our current under-
standing of the indigenous microbial communities that cata-
lyze different biological processes under in situ AMD condi-
tions is relatively limited.

In order to elucidate the microorganisms inhabiting in
AMD environments, an AMD-contaminated site located in
the southwest coal basin (SCB) in central Guizhou,
Southwest China, was selected as a study site. The hydrother-
mal conditions (warm temperature and high annual precipita-
tion) in the SCB favor the formation of AMD, which has
caused widespread environmental problems in this region.
Numerous AMD creeks in this region discharge polluted mine
waters into downstream rivers and reservoirs. Here, these
AMD runoffs contaminated the drinking water sources for
Guiyang City, the capital of Guizhou Province, with more
than 500,000 inhabitants potentially exposed (Sun et al.
2015a, b). We selected one of the many AMD-contaminated
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creeks, Huaxi Creek, to study the dynamics and metabolic
potential of microbial communities in response to long-term
AMD contamination. This study site allowed for investigation
of both natural (unmodified AMD impacted stream) and
engineered habitats (constructed four-cell cascade aeration
units (AUs) downstream of the creek) (Fig. 1). The AUs were
constructed to test the feasibility of in situ cascade oxidation
for alleviating AMD contamination. Orange Fe-rich sedi-
ments appeared in these AUs after operating for a short time
(less than 1.5 years). As for the natural habitats, orange mats
are present in the main course of the creek after long-term
AMD runoff (more than 15 years). In addition, soils adjacent
to the creek were stained by repeated flooding of AMD and
thus were selected for microbial community analysis. In the
present study, we sampled orange mats from the main course
of the creek, surrounding contaminated soils, and sediments
from the cascade AU. We aimed to (i) characterize the micro-
bial community composition in both “natural” and engineered
ecosystems; (ii) compare the microbial community from dif-
ferent environmental samples including mats, sediments, and
soils; and (iii) correlate the microbial community with
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Fig.1 Map of the AMD-contaminated watershed. Four creek mats were
named as HX01-HXO04; four contaminated soils were named as CS01—
CS04; four sediments of aeration units were named as AU01-AU04
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geochemical parameters and determine the interplay between
microorganisms and their habitats.

Materials and methods
Sample collection

Twelve solid samples and seven water samples were collected
at different locations along the Huaxi AMD creek in June,
2015. As illustrated by Fig. 1, samples HX01 to HX04 were
collected from orange mats. Four samples (AUO01-AU04)
were collected from the sediments of AU, and four samples
(CS01-CS04) were collected from the contaminated soils.
Specifically, CS01 to CS04 were collected from the top soils
(0-5 cm). Approximately 100 g of solid sample was collected
per site. Solid samples from each site were pooled, homoge-
nized, placed in sterile 50-ml tubes, and immediately stored at
—20 °C until further molecular analysis.

Geochemical parameters in the water

Water quality parameters including pH and redox potential
(Eh) were measured onsite by a calibrated HACH HQ30d
pH meter (HACH, Loveland, CO, USA). Major and trace
elements in water samples were measured by inductively
coupled plasma-optical emission spectrometry (ICP-OES)
(Vista MPX, Varian, USA) and inductively coupled plasma
mass spectrometry (ICP-MS) (Agilent, 7700x, Santa Clara,
CA, USA), respectively. The certified reference material
(SLRS-5 (Fornieles et al. 2011; Rueda-Holgado et al. 2012))
was used for accuracy testing. Anions were measured by ion
chromatography (Dionex, ICS-90, Sunnyvale, CA, USA).
Total and ferric Fe in water was measured by a spectrophoto-
metric method (UV-9000s, METASH, Shanghai, China) with
1,10-phenanthroline at 510 nm as described previously (Rice
et al. 2012; Tamura et al. 1974).

Geochemical parameters in the sediments

Sediment samples were freeze-dried by vacuum freeze-drying
equipment (FD-1A-80, Beijing, China) and thoroughly
ground using a mortar and pestle before passing through a
200-mesh sieve. To measure anions in sediments, 2 g of dry
sediment was mixed with 10 mL of Milli-Q water, shaken for
5 min, and left to equilibrate for 4 h. The supernatant was then
centrifuged at 3500xg for 15 min and filtered through a
0.45-um filter membrane. The filtered sample was then used
for the determination of anions using ion chromatography
(DIONEX ICS-1500, Sunnyvale, USA). Total sulfur (TS),
soluble sulfur, total hydrogen (TH), total carbon (TC), and
total organic carbon (TOC) in the sediments were measured
by an elemental analyzer (Elementar, Hanau, Germany)

(Schumacher 2002). The sediment samples were fully
digested with HNOs and HF (5:1, v/v) (Edgell 1989), and
the major and trace elements were determined by ICP-OES
(Vista MPX, Varian, USA) and ICP-MS (Agilent, 7700x, CA,
USA), respectively. The certified reference materials (SLRS-
5) and internal standards (Rh) were used for accuracy testing.
The standard reference material GBW07310 (Chinese
National Standard) was used for analytical quality control
(Sunetal. 2016). Three measurements of a single sample were
performed for each geochemical parameter.

SEM and EDX

Scanning electron microscopy (SEM) analysis was used to
determine the presence and morphology of minerals in the
sediments based on a protocol described previously (McBeth
et al. 2013). SEM images were taken on a field-emission
scanning electron microscope (JSM-6460LV, JEOL, Tokyo,
Japan) with an EDAX energy-dispersive X-ray spectrometer
(EDAX-GENESIS, Mahwah, USA). The SEM was operated
at 15 kV with a working distance of 10 mm. For X-ray anal-
ysis, an accelerating voltage of 20 kV was used to obtain
sufficient X-ray counts.

Sequential extraction of Fe minerals

A sequential Fe extraction procedure (Oni et al. 2015; Poulton
and Canfield 2005) was performed to detect the Fe adsorbed
to particle surfaces as well as bound in carbonates and Fe
oxides. The leaching agents and reaction time are summarized
in Table S1. Fe-extractable fractions were measured by a spec-
trophotometric method (UV-9000s, Shanghai METASH) with
1,10-phenanthroline at 510 nm (Tamura et al. 1974).

Illumina sequencing of 16S rRNA genes and the pipeline
for sequence analysis

Total genomic DNA was extracted from 5 g of homogenized
sediment samples using the FastDNA® spin kit (MP bio,
Santa Ana, USA) following the manufacturer’s protocol. All
DNA extracts were stored at —80 °C until further analysis.
DNA concentration and purity were monitored on 1 % aga-
rose gels. The V4-V5 region of 16S rRNA gene was
amplified using the 515f/907r primer set (515f:5'-
GTGYCAGCMGCCGCGGTAA-3", 907r:5'-
CCYCAATTCMTTTRAGTTT-3") (Ren et al. 2014). The
merged reads were then assigned to samples based on the
barcodes and trimmed by removing the barcode and primer
sequences. The raw reads were filtered using
split_libraries_fastq.py in QIIME (V1.7.0) with the following
criteria: maximum number of consecutive low-quality base
calls = 3, minimum number of consecutive high-quality base
calls as a fraction of the read length = 0.75, and no base calls
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with Phred score <3 (Bokulich et al. 2013; Caporaso et al.
2010). The tags were then compared with the Gold reference
database (http://driveS.com/uchime/uchime download.html)
using UCHIME (http://www.drive5.com/usearch/manual/
uchime algo.html) to detect and remove chimeric sequences
(Haas et al. 2011). UPARSE was used to cluster operational
taxonomic units (OTUs) at 97 % similarity, and the RDP clas-
sifier (Version 2.2, http://sourceforge.net/projects/rdp-
classifier/) was used to assign taxonomy (DeSantis et al.
2006; Wang et al. 2007) based on the Green Genes Database
(http://greengenes.lbl.gov/cgi-bin/nph-index.cgi). Alpha
diversity indices were used to estimate species richness for
the 12 libraries (Schloss et al. 2009). The reads were deposited
into the NCBI Short Read Archive database under accession
number of SRP072800.

Data analyses

The similarity of microbial communities among different sed-
iment samples was determined using UniFrac analysis.
QIIME calculates both weighted and unweighted UniFrac.
Principal coordinate analysis (PCoA) and unweighted pair
group method with arithmetic mean (UPGMA) clustering
were conducted by unweighted and weighted UniFrac based
on the protocol published previously (Kuczynski et al. 2012).
Linear discriminant analysis (LDA) effect size (LEfSe) (http://
huttenhower.sph.harvard.edu/lefse/) was used to characterize
features differentiating the microbial communities under
different conditions as described previously (Ling et al.
2014; Segata et al. 2011). LEfSe uses the Kruskal-Wallis rank
sum test to detect features with significantly different abun-
dances of assigned taxa and performs LDA to estimate the
effect size of each feature with a normalized relative abun-
dance matrix. All tests for significance were two-sided, and
p values <0.05 were considered statistically significant. In the
current study, two separate LEfSe analyses were performed
with samples grouped either by location in the watershed (up-
stream sediment vs. downstream sediment) or by distinct hab-
itats (AU sediment, AMD creek mat, or contaminated soil).
Canonical correspondence analysis (CCA) performed by
CANOCO 4.5 (Microcomputer Power, Ithaca, NY, USA)
was used to identify chemical properties that structured the
microbial community. CCA was done on abundant bacterial
genera (i.e., relative abundance >1 % in at least one sequenc-
ing library) and selected environmental parameters (TOC and
Fe-extractable fractions). Manual forward selection with
Monte Carlo permutation was then performed to determine
the significance of the environmental variables with 999 per-
mutations (Lep$ and Smilauer 2003). The correlations be-
tween TOC and the dominant phyla and genera and diversity
indices were determined by Spearman’s rank correlation using
SPSS (v19, IBM, Armonk, USA).
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Results
Environmental parameters in the AMD creek

The water samples collected from the seven sampling sites are
characterized by remarkably low pH (2.5-2.7) and elevated
total soluble Fe and Fe(III) (Table S2). Total soluble Fe ranged
from 675.4 £ 5.4 mg/L in the mine adit to more than 800 mg/L
downstream. Aqueous Fe(IIl) at the mine adit was
265.8 + 2.1 mg/L, gradually increasing to more than
400 mg/L downstream. It is notable that concentrations of
soluble Fe(Ill) in the cascade AU decreased slightly along
the flow path, ranging from 491.5 + 4.0 mg/L in AUl
to 450.7 £ 5.8 mg/L in AU4. This suggests some precip-
itation of Fe(Ill) in the AUs. The whole creek demonstrat-
ed elevated aqueous SO,>  concentrations (>6000 mg/L).
In contrast, NO; concentrations were less than 10 mg/L
along the creek. Other metallic elements including K, Na,
Ca, Mg, and Mn were measured in the water samples as
well (Table S3). The mine waters contained less K, Na,
and Mn in comparison to Ca and Mg. It is worth noting
that concentrations of these major elements did not change
substantially along the AMD flow.

The sediments, mats, and soils were also acidic with
pH less than 3 in 12 samples (Table S4). Eh was great-
er than +400 mV in all samples except CS02 (187 mV),
suggesting that oxidized environments prevail in both
the water and sediments. Like the water samples, the
sediments also demonstrated elevated SO,>  concentra-
tions, ranging from 1565 + 132.9 to 6425 + 124.1 mg/kg.
Elevated total sulfur (TS) was observed along the
watershed, ranging from 4.78 + 0.41 to 9.06 + 0.45 %.
Sediment and soil samples could be regarded as low-C
samples: Most samples had total carbon (TC) and total
organic carbon (TOC) percentages less than 3 %, but
two samples from the mine adit had relatively higher
TOC percentages (5.42 + 0.11 to 8.62 = 1.92 %). The
creek and adjacent arcas demonstrated low total N con-
tent (<0.5 % in all samples), indicating a low-N input
from the AMD. These sediment samples contained more
Mg, Na, and Ca than Mn. More specially, Mg and Ca
were accumulated in the AUs, while K demonstrated
higher concentrations in the mine adit (Table S5).

Sequential Fe extraction

The procedure for four Fe-extractable fractions is described in
Table S1 and measured in the sediment, mat, and soil samples
(Table 1). All samples demonstrated high total Fe concentra-
tions (Fetot), ranging from 148.2 = 6 mg/g upstream to
437.6 = 5.9 mg/g in midstream due to precipitation from the
mine water. Fetot then decreased slightly in downstream sed-
iment samples. The concentrations of four Fe-extractable
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Table1 Fe sequential extractable

speciation in sediment samples Sample Fetot FeCarb FeOX1 FeOX2 FeMag

((mean =+ standard deviation of 3

measurements in mg/g) HXO01 2902 +17.8 50.8+04 79.6+0.1 36.9+0.1 56.8+0.1
HX02 1482+6 19.5+0.1 9.5+0.9 74+0.1 234+0.6
HX03 431.8+6.1 355+04 1383+04 249+0.1 50.6+0.3
HX04 2769 +6 69.9 +0.1 92+0.1 134+02 63.7+0.1
AUO01 4129+58 262 +0.1 139.9 +0.1 20.0 +0.1 70.1+0.6
AU02 243.8+0.6 46.0+0.5 93.6+0 149+0.1 39.3+02
AUO03 302.4+0.9 152+02 171.8 £0.1 11.8+0.9 483+ 04
AU04 4376 +5.9 314+0.1 1474 +0.1 232+0.1 84.8+04
Cso1 376.4+59 22.1+0.1 151.4+0.2 192 +0.1 57.0+0.1
CS02 437.0+0.8 38.1+0.5 1402 +0.5 284 +0.7 74.7+0.8
CS03 4314 +0.9 21.2+0.1 156.6 +0.3 30.0 0.7 1249+0.3
CS04 362.9+0.8 40.1 £0.2 83.5+0.5 74+02 89.7+0.2

Fetot total Fe concentration, FeCarb

adsorbed Fe and Fe carbonates, FeOXI/ amorphous or polycrystalline

Fe(oxyhydr)oxides, FeOX?2 crystalline Fe (oxyhydr)oxides, FeMag crystalline Fe (oxyhydr)oxides

fractions did not demonstrate a clear site-specific pattern.
Among the four Fe-extractable fractions, FeOX1, referring
to amorphous and crystalline Fe (mainly ferrihydrite and
lepidocrocite) (Oni et al. 2015), was most abundant.
FeOX1 exhibited relatively high concentrations (>80 mg/
g) in ten samples, but lower in HX01 (9.5 £ 0.9 mg/g)
and HX04 (9.2 + 0.1 mg/g). These two samples were
located in mine adit (HX01) and downstream (HX04). In
comparison, FeOX2 (crystalline Fe(oxyhydr)oxides, mainly
goethite and hematite) and FeMag (crystalline
Fe(oxyhydr)oxides, mainly magnetite and maghemite)
(Oni et al. 2015) accounted for smaller portion of Fetot.
FeCarb containing adsorbed Fe and Fe carbonates was
most abundant in HX04 (69.9 + 0.1 mg/g, downstream),
HXO01 (50.8 = 0.4 mg/g, mine adit), and CS04
(40.1 £ 0.2 mg/g, contaminated soil) but was relatively
lower in other samples. SEM-energy-dispersive X-ray
spectrometer (EDX) demonstrated the co-occurrence of
high Fe and O peaks, providing additional evidence for
the presence of Fe(oxyhydr)oxides in the tested samples
(Fig. S1).

Analysis of Illumina-derived dataset

In total, Illumina sequencing resulted in 691,948 sequencing
reads after quality filtering, ranging from 52,294 to 69,661
reads per sample, and clustered into 1475 operational taxo-
nomic units (OTUs). OTU (97 % sequence similarity) num-
bers ranged from 212 to 677 per sample. The greatest numbers
of OTUs were found in the mine adit sediment samples, HX01
(668) and HX02 (651), and sediment in AU (AU04, 677),
while the lowest numbers were found in contaminated soils,
CS02 (293) and CS03 (212). Other alpha diversity indexes
such as Shannon index and Chao | index demonstrated the
very similar trend as OTU numbers (Table S6).

Taxonomic composition of microbial communities

A total of 33 phyla were identified from the 12 sedi-
ments and soil samples (Fig. 2). Among them,
Proteobacteria predominated in all samples, constituting
up to 71.9 % of total bacterial reads (12.8 to 95.3 %
per sample). It is notable that Proteobacteria was more
abundant in AU sediments and contaminated soils,
while it accounted for smaller fraction in the AMD
creck mats adjacent to the mine adit (HX01, HXO02,
and HXO03, 12.7 to 44.4 %). Firmicutes (11.3 % of total
reads) and Actinobacteria (8.6 % of total reads) ranked
as the second and third most abundant phyla, respec-
tively. These two phyla were more abundant in three
samples adjacent to the mine adit (HXO01, HX02, and
HXO03) and less abundant in other samples. The remain-
ing 30 phyla accounted for only 8.2 % of total reads.
At the class level, Gammaproteobacteria was the most
abundant class, followed by Bacilli, Acidimicrobiia, and
Alphaproteobacteria. Gammaproteobacteria was domi-
nant in the sediment of AUs, contaminated soils, and
downstream creek mats (Fig. S2), accounting for more
than 80 % relative abundance in all these samples ex-
cept for AU04 (59.4 %). Bacilli and Acidimicrobiia
were more abundant in the upstream creek sediments.
The spatial resolution of microbial taxa was more
apparent at the genus level: Microbial communities from
the three upstream sediments were very different from
those in the downstream samples (Fig. 3). Two OTUs,
affiliated with the phyla TM6 and Firmicutes (family
and genus unclassified), were dominant in the mine adit
but undetected in many downstream samples. Alicyclobacillus
was dominant in the upstream samples but much less abun-
dant in the downstream counterparts. Other genera showing
higher abundances in upstream samples included lamia,
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Fig. 2 Major taxonomic groups 100% 4
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Metallibacterium. Two genera (Halomonas and Shewanella)
were dominant in downstream samples. Halomonas
accounted for more than 40 % of relative abundances in many
downstream samples. A Cytoscape network demonstrated the
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Fig. 3 Heatmap of the distribution of abundant genera with relative
abundances >1 % in at least one sample. Double hierarchical
dendrogram showed the microbial distribution of the six samples. The
root-square-transformed relative percentage values for the microbial
genera are indicated by /ue
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AU sediments

difference of major genera between upstream and downstream
samples (Fig. S3).

Comparison of bacterial communities between different
zones

Cluster analysis including weighted UPGMA tree and PCoA
was used to better elucidate the differences among microbial
communities. Roughly, microbial communities can be divided
into two groups according to the UPGMA tree (Fig. S4).
Group I includes samples from upstream AMD creek sedi-
ments including HX01, HX02, and HX03. Group II included
the rest of the samples and could be further divided into two
subgroups containing AU04 and AUO3 (sediments samples
from AU) versus all other samples in this group. CS03 (con-
taminated soil) and HX04 (mat samples from downstream
creek) were more closely related to each other than other sam-
ples. PCoA revealed that downstream mats and contaminated
soils clustered together, while the three upstream samples
were more distant from the other samples (Fig. 4). In addition
to the grouping dividing samples according to their habitats
(i.e., soils, sediments, and mats), a second grouping based on
microbial community similarity (upstream samples versus
downstream samples) was revealed by the cluster analysis.
In order to find specialized bacterial groups enriched within
each type of sediments, we performed the LEfSe from phylum
to genus level (Segata et al. 2011) according to two different
grouping patterns. In the first LEfSe analysis (LEfSe A)
(Fig. 5), microbial populations were grouped as upstream sed-
iment samples including HX01, HX02, and HX03 and down-
stream sediment samples including the rest. In the second
LEfSe analysis (LEfSe B) (Fig. S5), microbial populations
were divided into three groups as creek mat (creek), sediment
of AU (built), and contaminated soils (terre). Cladograms
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Fig. 4 The PCoA plot showing clusters of microbial communities based
on weighted UniFrac with 100 % support at all nodes (bottom: the
percentages are the percentage of variation explained by the components

showed taxa with LDA values higher than 3.6 for clarity. In
LEfSe A, there were five taxonomic groups from phylum to
family enriched in the upstream samples, namely, Firmicutes
(phylum) to Alicyclobacillaceae (family), Actinobacteria
(phylum) to Acidimicrobiaceae (family), Xanthomonadales
(order) to Xanthomonadaceae (family), Rhodobiaceae (fami-
ly), and Afifella (genus). The bacterial lineages enriched in the
downstream samples were from Proteobacteria (phylum) to
Shewanella (genus), and Streptococcaceae (family) to
Streptococcus (genus). In contrast, LEfSeB did not reveal sig-
nificant variations in bacterial taxa among three groups. Only
Acidimicrobiales (subclass), Acidimicrobiia (class), and
Acidimicrobiaceae (order) within the phylum Actinobacteria
showed an LDA value greater than 4 in the AMD creek mat
samples. In the soils, Rhizobiales (order) to
Methylobacteriaceae (family) was the only taxa enriched
(LDA >4). Two bacterial lineages from Lactobacillales
(order) and Streptococcaceae (family) were enriched in AUs
(LDA >4).

Effects of environmental parameters on microbial
community composition

CCA was conducted to discern the possible correlations be-
tween environmental variables and bacterial community struc-
ture, as represented by the major taxonomic groups (genera)
(Fig. 6). Axis 1 explained 54.1 % of the genus-level variability
and was positively correlated with TOC and FeOX2 and neg-
atively correlated with SO,”~ and the rest of Fe-extractable
fractions. Axis 2 explained a further 17 % of the variability
and was positively correlated with all tested parameters except
TOC. As indicated by the length of the environmental

variables arrows in the CCA biplot, the strongest determinant
for the overall microbial communities was TOC. TOC was
positively correlated with two upstream samples, HX01 and
HXO02, but was negatively correlated with most downstream
samples. The relative magnitudes of the vectors associated
with Fe indicate that FeMag is not as strongly correlated to
the community composition as Fetot, FeCarb, and FeOX1.

Discussion

This AMD-contaminated site, Huaxi creek and adjacent con-
taminated soil, harbored a wide diversity of microorganisms
known to thrive in acidic environments, providing an excel-
lent field-based site to study microbial Fe and S cycling under
this extreme habitat. Based on UPGMA tree and PCoA anal-
yses, microbial communities in the upstream sediments dif-
fered from those in the downstream samples. We found higher
diversity in the upstream sediments compared to the down-
stream samples. These patterns were manifested at all phylo-
genetic levels but were most apparent at the genus level. Our
observation of decreasing diversity from upstream to down-
stream is similar to the decrease in diversity from headwater to
river mouth described in several large river networks (Crump
et al. 2012; Savio et al. 2015). Crump et al. suggest that such
patterns of diversity are structured by initial inoculation from
soils followed by a species-sorting process (i.e., the selection
by local environmental conditions) during downslope dispers-
al of both common and rare microorganisms (Crump et al.
2012). We proposed that the mining area acts as the initial
inoculum of microorganisms to the small watershed. In addi-
tion, similar to the previously published studies identifying
persistent and ubiquitous core communities along river stretch
(Savio et al. 2015; Staley et al. 2013), such core microbial
consortia were also identified in most downstream samples
in the present study. The main phylotypes of the core commu-
nities, including Halomonas and Shewanella spp., reflect their
competence in such harsh environments.

This clear spatial pattern of bacterial community composi-
tion is attributed to the remarkable contrast in environmental
conditions. One of the notable findings was that TOC content
may be the primary environmental parameter in structuring
the differences in microbial communities between upstream
and downstream samples. Based upon CCA, TOC demon-
strated the strongest effect on the microbial communities.
Microbial communities from three upstream samples were
positively correlated with TOC, while the downstream coun-
terparts were negatively correlated with TOC (Fig. 6). We
propose that the high TOC content in upstream samples favors
the growth of various heterotrophic bacteria, especially het-
erotrophic FeOB. The composition of TOC may change along
the creek and thus results in the remarkable shift in the assem-
blage of microorganisms. For instance, the TOC in the mine
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Fig. 5 LEfSe identified the most
differentially abundant taxa
between upstream sediments and
downstream sediments. Taxa
enriched in upstream sediments
with a positive LDA score
(green), and taxa enriched in
downstream sediments have a
negative score (red). a Only taxa
meeting an LDA significance
threshold of 3.6 are shown. b
Taxonomic cladogram obtained
from LEfSe analysis of 16S
sequences (relative abundance
>0.5 % in at least one sample).
Small circles and shading with
different colors in the diagram
represent abundance of those taxa
in the respective group. Yellow
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Firmicutes

adit may originate from the mine water and decaying plant
litter (the mine adit is covered by trees), composed of mostly
lignin, cellulose, and a number of other organic substrates that
could sustain more diverse microbial communities. In com-
parison, the downstream samples may receive more refractory
organic substrates from upstream as reported previously
(Savio et al. 2015), which leads to decreasing diversity indices
(e.g., Shannon, Chaol, and Simpson) in downstream samples
containing the more competitive bacteria along the creek. Our
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hypothesis was confirmed by Spearman’s rank correlation,
which indicated that TOC is positively correlated with bacte-
ria diversity such as Shannon and Chaol (Table S7). In addi-
tion to the impact on the overall microbial diversity, TOC was
also positively correlated with a number of individual bacte-
rial groups such as Actinobacteria, WPS-2, Alicyclobacillus,
lamia, Acidithrix, and TM6-related bacteria (Table S7). The
importance of TOC in AMD environments may have environ-
mental implications for future AMD bioremediation.
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Fig. 6 Ordination diagrams from canonical correspondence analysis
(CCA) of bacterial abundances and geochemical parameters. Colorfil
circles indicated the microbial communities (red: creek mats; green:
AU sediments; orange: contaminated soil). Red arrows indicate the
direction and magnitude of geochemical parameters associated with
bacterial community structures. Green stars indicated the individual
genera. A symbol’s position in relation to a vector head indicates the
correlation between the community and the environmental factors. The
length of a vector reflects the relative importance of those environmental
factors in discriminating the overall microbial community within one
library (Zhang et al. 2008). Please note that microbial communities from
creek mats were shown as red dots, aeration units were shown as green
dots, and contaminated soils were shown as orange dots. Bacteria
abbreviations: Halo Halomonas, Shewa Shewanella, Alicyclo
Alicyclobacillus, Acidiphi Acidiphilium, Ferrimic Ferrimicrobium,
Ferrithr Ferrithrix, Leptospi Leptospirillum, Thiobaci Thiobacillus
(Color figure online)

The dominance of various acidophilic FeOB suggests that
Fe and pH may be primary environmental factors that control
AMD-associated microbial communities. CCA indicated that
Fetot, FeCarb, FeOX1, and FeOX2 strongly influence the
microbial communities. Evidence for microbial Fe-carbonate
formation was detected in Rio Tinto, Spain (Sanchez-Roman
et al. 2014), which revealed an unexplored pathway for car-
bonate mineralization under acidic conditions mediated by
Acidiphilium sp. PM, an Fe-reducing bacterium. In the current
study site, FeCarb may be formed partially due to microbial
activity. FeOX1 and FeOX2 include crystalline Fe
(oxyhydr)oxides, which could serve as electron acceptors for
FeRB (Kostka et al. 2002; Roden and Urrutia 1999). This
observation may support the influence of FeOX1 and
FeOX2 on microbial communities. FeMag demonstrated the
smallest effect of any of the measured Fe fractions on micro-
bial communities. FeMag consists mainly of magnetite and
maghemite, which may be difficult for microorganisms to
reduce (Bishop et al. 2010).

In line with elevated Fe concentrations, the microbial com-
munities in the creek are dominated by a wide diversity of
FeOB and FeRB, suggesting dynamic microbial Fe cycling at
the site. Previous studies have indicated that FeOB can accel-
erate Fe(Il) oxidation rates twofold to fivefold both in pure
cultures (Neubauer et al. 2002) and native groundwater seep
communities (Rentz et al. 2007). The oxidized Fe(IIl) then
precipitates from the water, which is a kind of bioremediation
(Johnson and Hallberg 2005). In the current study, the distribu-
tion of Fe-metabolizing bacteria was location-dependent. FeOB
were dominant and very diverse in the upstream sediments
(Fig. S3). Alicyclobacillus spp., which make up the most com-
mon genus in AMD environments (Méndez-Garcia et al. 2015),
had relative abundances greater than 10 % in the three upstream
samples but were <0.5 % downstream (Fig. 7). Alicyclobacillus
spp. contain members such as Alicyclobacillus ferrooxydans,
which is able to oxidize Fe(Il) in acidic environments (Jiang
etal. 2008), and Alicyclobacillus aeris, which was isolated from
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Fig. 7 The relative abundance (%) of dominant Fe(II)-oxidizing bacteria
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a copper mine and can oxidize both Fe and S (Guo et al. 2009).
The Alicyclobacillus-related OTU identified in the current study
was closely related (97 % sequence similarity of 373 bp) to
Alicyclobacillaceae bacterium Y002 isolated from acidic sedi-
ments (Lu et al. 2010).

Sequences closely related to the genus Metallibacterium
were also enriched in upstream samples (Fig. 7). These se-
quences were closely related to uncultured clones isolated
from AMD (100 % sequence similarity, accession number:
JX297618) (Brofft et al. 2002; Guo et al. 2013; Mendez
et al. 2008) and Metallibacterium scheffleri (99 % sequence
similarity of 374 bp). M. scheffleri, isolated from acidic
biofilms, is able to oxidize Fe(Il) and reduce Fe(Ill) (Ziegler
et al. 2013). A number of potential Fe-metabolizing bacteria
clustered within the phylum Actinobacteria were also
enriched in the upstream samples. Namely, Ferrithrix spp.
were enriched in three upstream sediments, while
Ferrimicrobium spp. were only enriched in HX03. Both of
these genera contain heterotrophic FeOB (Johnson et al.
2009), suggesting that the high TOC in the upstream samples
may be used as carbon and energy sources by these bacteria.
The Ferrithrix-related OTUs were closely related to Ferrithrix
thermotolerans (94 % sequence similarity of 377 bp)
(Johnson et al. 2009), and the Ferrimicrobium-related OTUs
were closely related to Ferrimicrobium sp. Py-F2 (92 % se-
quence similarity of 377 bp) (Kay et al. 2013), all of which are
extremely acidophilic bacteria.

One potential FeOB, Halomonas, predominated (>35 %) in
all downstream samples (Fig. 7). Halomonas spp. have been
identified as Mn(I)-oxidizing bacteria (Homann et al. 2009;
Templeton et al. 2005) and were proposed as FeOB as well
(Homann et al. 2009). In another study, Halomonas spp. have
been found in high abundance in hydrothermal fields with
high Fe concentrations, suggesting their potential role in Fe
cycling (Kaye et al. 2011). Halomonas spp. have also been
detected in AMD environments (Auld et al. 2013; Santofimia
etal. 2013; Sun et al. 2015b). Taken together, we propose that
Halomonas are the major FeOB in the downstream samples of
the current AMD creek.

Compared with FeRB, very few sequences belonging to
sulfate-reducing bacteria (SRB) were detected in the current
study; even high concentrations of SO,*~ were detected in all
the samples. A possible explanation for this observation is that
Fe(II) reduction in acidic conditions should be more energet-
ically favorable than sulfate reduction (Emmerich et al. 2012).
The redox potential of the Fe(IlI)/Fe(Il) pair is high
(+770 mV) at pH 1 in comparison to the equivalent couple
at neutral pH (ranging from +100 to —300 mV depending on
the form of Fe(IIl) mineral (Straub et al. 2001)). This makes
Fe(Ill) nearly equivalent to molecular oxygen as an electron
acceptor in acidic environments. Given the elevated Fe(III)
and high Eh in the creek, FeRB may outcompete sulfate re-
ducers for organic electron donors. Therefore, FeRB
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constitute a very important bacterial group for AMD bioreme-
diation due to the acidic environments in most AMD
environments.

Among the FeRB, Shewanella was the most dominant ge-
nus, detected in all 12 samples, and accounting for 15.8 % of
total reads. Shewanella occurred at higher abundances in
downstream samples (Fig. 8). It is surprising to see the dom-
inance of Shewanella in such extreme acidic environments
because Shewanella are usually regarded as neutrophilic
FeRB and are seldom detected in AMD environments
(Ivanova et al. 2003). In previous studies, we detected large
numbers of Shewanella in the sediments of an AMD-impacted
creek and in rice paddy soils irrigated by AMD waters (Sun
et al. 2015a, b), suggesting that these bacteria may be able to
tolerate to low pH and thrive in acidic Fe-rich environments.
Acidiphilium contains acidophilic bacteria that are able to re-
duce Fe(Ill) (Kiisel et al. 1999), such as Acidiphilium
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Fig. 8 The relative abundance (%) of dominant Fe(III)-reducing bacteria
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acidophilum (Liu et al. 2011) and Acidiphilium cryptum
(Harrison 1981). Acidiphilium exhibited relatively high abun-
dance in the mat samples close to mine adit (HX03) and was
detected in all samples (Fig. 8). Compared to Shewanella and
Acidiphilium, another notable FeRB, Geobacter, was present
at low abundance throughout the study area. This may be
attributed to the low tolerance of Geobacter to acidic environ-
ments (Lovley et al. 1993). Acidophilic FeRB such as
Acidocella and neutrophilic FeRB such as Geothrix were also
found but were in low abundances in individual samples. The
high abundances of both FeOB and FeRB suggest dynamic Fe
cycling in the current ecosystem. Such co-occurrence of FeOB
and FeRB may have beneficial effect to each group:
Heterotrophic FeRB can stimulate growth of autotrophic
FeOB both by producing reduced Fe and by removing excess
TOC, which can be inhibitory to autotrophic FeOB. In turn,
autotrophic FeOB can fix CO, to produce organic substrates
for FeRB growth (Bacelar-Nicolau and Johnson 1999).

A number of OTUs which could not be placed within any
known taxonomic group were highly enriched in the upstream
samples. For example, a TM6-related OTU was highly abun-
dant (8.1 %) in the mine adit. Microorganisms belonging to
the candidate phylum TM6 have been referred to as the “dark
matter of life” as the entire divisions of bacterial phyla that
have yet to be cultivated or sequenced (McLean et al. 2013).
The TM6-related OTU was closely related to an uncultured
bacterial clone collected in deep-sea methane-seep sediment
(97 % sequence similarity of 373 bp) (Aoki et al. 2014). A
Firmicutes-related OTU enriched in the mine adit (HX01 and
HXO02) was closely related to a number of uncultured clones
detected in AMD environments (100 % sequence similarity of
373 bp, accession numbers: KF581285 and GU979551) (Hao
et al. 2010; Ling et al. 2013). However, this OTU did not
reveal a close match with any known cultivated isolates,
highlighting the unknown role of these Firmicutes-related
OTUs in AMD-associated environments. Unfortunately, we
cannot predict the metabolic functions of these OTUs merely
based on the phylogenetic information. Pure cultures would
be needed to reveal the fully physiological information of
these enigmatic taxa.

The low pH and high Fe at the current study site create
unique microbial communities dominated by acidophilic
FeOB and FeRB. Besides the pH and different Fe fractions,
TOC may play an important role in shaping the indigenous
microbial communities, especially the acidophilic FeOB.
Future studies should address the role of TOC composition
changes in controlling functional microorganisms. In compar-
ison to various geochemical parameters, microbial communi-
ties were not structured by their habitats. The second LEfSe
analysis showed that no matter whether the samples were
taken from the creek, soils, or AUs, there were no obvious
differences of microbial communities based on this grouping
pattern (Fig. S5). We therefore conclude that contemporary

factors (in situ geochemical parameters) may be the primary
filters in structuring the microbial community, while historical
factors (i.e., mats, soils, and sediments) do not exert strong
impact on microbial assemblages.

Microbial communities in upstream sediments were char-
acterized with a wide diversity of acidophilic FeOB and
FeRB, while downstream sediments were dominated by a
single FeOB (Halomonas) and a single FeRB (Shewanella).
The results described here could be generated as a
geomicrobiological model (Fig. S6) and provide insights for
in situ bioremediation of AMD contamination: By controlling
the redox conditions, pH, and TOC contents, one may control
the distribution of various functional microbial groups (e.g.,
FeOB, FeRB, or SRB) and take advantage of such microor-
ganisms for in situ bioremediation. Future studies should ad-
dress the metabolic pathways and identification of the func-
tional genes, which will help us better understand natural at-
tenuation of AMD in the contaminated sites.
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