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A B S T R A C T

A field pilot-scale passive treatment system was developed for in-situ bioremediation of acid mine drainage
(AMD). The microbial community and its variation were analyzed. The data proved that 93.7% of total soluble
Fe and 99% of soluble Fe(II) could be removed by the system. Principal coordinates analysis (PCoA) showed that
a low pH and an elevated Fe concentration within the system created a unique microbial community that was
dominated by acidophilic iron-oxidizing bacteria and iron-reducing bacteria. Canonical correlation analysis
(CCA) indicated that the pH, iron content and total sulfur jointly determined the composition of the microbial
communities. Species of Ferrovum, Delftia, Acinetobacter, Metallibacterium, Acidibacter and Acidiphilium were
highly enriched, which promoted the removal of iron. Furthermore, the results revealed important data for the
biogeochemical coupling of microbial communities and environmental parameters. These findings are beneficial
for further application of in-situ field bioreactors to remediate AMD.

1. Introduction

Acid mine drainage (AMD) is a global environmental issue en-
countered by sulfide-rich mining industries. As soon as fresh ore is
exposed to oxygen, water and microorganisms, AMD is produced
(Johnson and Hallberg, 2003; Simate and Ndlovu, 2014). Characterized
by a low pH and high concentrations of heavy metals (e.g., Fe, Mn, Pb,
Cr, Hg, Cd and As) and sulfate, AMD poses serious risks to surrounding
surfaces and groundwater, as well as soil (Favas et al., 2016). Subse-
quently, life is threatened. It has been reported that in AMD-con-
taminated areas, heavy metals are potentially transferable to human
beings, causing illness and death (Pruvot et al., 2006). Detailed effects
of heavy metals and low pH on human health, plant life and aquatic life
were reviewed by Simate and Ndlovu (2014).

To clean up AMD, two approaches have been used, namely active
and passive treatments (Johnson and Hallberg, 2005). Active treat-
ments include the application of alkaline chemicals or rocks to

neutralize acidity and precipitate metals (Johnson and Hallberg, 2005).
However, these methods require continuous input, and for chemical/
rock treatment, they also require the disposal of large volumes of sec-
ondary waste. By contrast, the passive treatment is considered a more
promising approach since it relies on naturally biological, geochemical
and physical processes to neutralize acidity and to oxidize or reduce
and precipitate metals at low cost and with few maintenance require-
ments (Gazea et al., 1996; Akcil and Koldas, 2006). Passive treatment
employs indigenous microorganisms from AMD to develop a bioreactor
system and has been widely applied to remediate AMD at remote
abandoned mine sites (Behum et al., 2011; Kalin and Caetano Chaves,
2003; Sun et al., 2016). Microorganisms are thought to play an im-
portant role in metal removal and acid reduction in bioreactor systems
treating AMD (Kalin et al., 2006; Kalin and Caetano Chaves, 2003).
Environmental variables are important factors that affect the microbial
communities inhabiting passive AMD bioreactors. Recently, most stu-
dies of passive AMD bioreactor systems focused on the response of
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specific microorganisms to environmental factors during laboratory test
(Bai et al., 2013; Vasquez et al., 2018; Zhou et al., 2018). However, it
should be noted that the microbial communities are not universal for
each remediation site, as the composition of AMD and environmental
conditions differ at different sites. Thus, a pilot-scale study should be
carried out to study the relation between environmental factors under
field conditions and in situ microbial communities as well as their me-
tabolic preference, which is crucial in maintaining, optimizing or de-
veloping an AMD bioreactor.

In the present study, following Kalin and Caetano Chaves, 2003, a
field pilot-scale treatment system was constructed to passively treat
AMD in an abandoned coal mine in Guizhou Province, Southwest China
(Fig. 1). The AMD drains from the mine adit to downstream water-
courses at a rate of 24.81 m3/d in the rainy season and 2.44 m3/d in the
dry season. Since the coal seams were associated with pyritic geological
strata, the AMD is extremely acidic (pH 2.70 ± 0.13) and contains a
high concentration of Fe(II) (762.18 ± 136.52 mg/L) and SO4

2−

(4133.67 ± 771.4 mg/L). Fe(II) is expected to be removed from the
AMD by the passive treatment system, as it can react with dissolved
oxygen to produce iron oxide precipitates. As of the writing of this
paper, the pilot-scale passive treatment system has been running
for> 6 years and has shown good performance in the removal of Fe(II).
However, the system does not remove SO4

2− or neutralize acid very

well, although some amendments have been made. Thus, the objective
of this study was to monitor the environmental parameters including
concentrations of Fe(II) and Fe(total), pH, redox potential, electrical
conductivity and temperature, as well as to characterize the indigenous
microbial consortia in each unit of the treatment system. The results
will help to figure out: 1) the relation between microbial consortia and
environmental factors under an extremely low pH condition, 2) how Fe
is removed and whether the microorganisms made contributions and 3)
reason for the failure of acid neutralization. Our data also provide a
reference for researchers who are planning to apply field-scale bior-
eactor systems to remediate AMD from similar mine sites.

2. Materials and methods

2.1. Treatment system description

A reinforced concrete treatment system was constructed in 2013
with a total volume of 682 m3 and a residence time of 10 d during the
wet season and 59 d during the dry season. The system consists of four
units: a four-cell cascade aeration unit (Cascades #1–4 (approximately
3.5 m length × 5.0 m width × 0.3–0.4 m depth)), two oxidation-
precipitation cells (oxidation-precipitation cell #1 (OC1, 8.5 m
length × 11.0 m width × 1.9 m depth) and oxidation-precipitation cell

Fig. 1. Map showing pilot-scale passive treatment system components including water and sediment sampling sites (Nine AMD water sampling sites were named
HXW1-HXW9; HXSD1-HXSD12 indicated sediment sample sites).
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#2 (OC2, 8.5 m length × 11.0 m width × 1.7 m depth)), two microbial
treatment cells (MC1 (10.5 m length × 11.0 m width × 1.5 m depth)
and MC2 (10.5 length × 11.0 m width × 1.3 m depth)) and one setting
cell (4.0 length × 11.0 m width × 1.3 m depth) (Fig. 1). The AMD
flows to the four units in sequence. The four-cell cascade aeration unit
is designed to enhance the oxidation of Fe(II) by aeration and was
implemented in 2014. The oxidation-precipitation cells are also used to
oxidize and precipitate Fe(II). Three baffles and some PVC curtains
were placed in each cell to assist in settling iron hydroxide particles.
The two microbial treatment cells are designed to remove sulfate and
the remaining Fe, and to neutralize acidity by alkalinity generating
microorganisms such as sulfur-reducing bacteria (SRB) and iron-redu-
cing bacteria (FeRB). With alkalinity generation, as the pH rises, the
sulfide precipitates Fe(II) as iron sulfides. Consequently, the con-
centrations of both sulfate and Fe in the AMD are reduced. For this
purpose, rice straw compost was added at the bottom of each microbial
treatment cell to provide organic carbon and form microbial active
sediment. Over compost, cattail (Typha Linn.) was planted in pots and
configured as a mat by PVC tubing in June 2016. The living floating
cattail cover can lower cell turbulence and oxygen dissolution, thereby
enhancing the reducing conditions. The microbial treatment cell is also
known as an acid reduction using microbiology (ARUM) cell.

Details on the AMD flow and treatment system can be found in
Fig. 1. To treat the AMD, there are 4 stages in total. The AMD originates
from the coal adit (HXW1) and falls to a slope terrain that has been
stained by an orange or black iron crust. Along the slope, the effluent
moves to the four-cell cascade aeration unit (pre-oxidation precipitation
stage). Then, it flows to OC1 and OC2 in sequence (oxidation-pre-
cipitation stage). After being processed by microorganisms in microbial
cells (MC1-MC2, ARUM stage), the effluent finally moves to the setting
cell (setting stage). After all treatments, the effluent is discharged to a
downstream creek.

2.2. Sampling and analysis

Due to poor transportation and a remote location, the AMD water
samples were collected once a month in a twelve-month period from
December 2016 to November 2017. The sampling sites were labeled as
HXW1-HXW9 in orange in Fig. 1. These sites are the origin of the AMD
(HXW1), the inlet and outlet of the four-cell cascade unit (HXW2 and
HXW3) and the five (bio)remediation cells (HXW4-HXW9). A HACH
HQ30d multimeter (HACH, Loveland, USA) was used to measure the
pH, electronic conductivity (EC), Eh and temperature of the effluent at
each site before sampling. The total Fe and Fe(II) in the water samples
was measured using a spectrophotometric method (UV-9000s, ME-
TASH, Shanghai) with 1, 10-phenanthroline at 510 nm (Tamura et al.,
1974). Anion including SO4

2− was measured by ion chromatography
(Dionex, ICS-90, Sunnyvale, CA, USA).

A total of 48 AMD sediment samples were collected from the coal
adit (A), slope (B), pre-oxidation precipitation units (C), oxidation-
precipitation units (D), ARUM units (E) and setting unit (F) in the
treatment system from December 2016 to November 2017.

HXSD1-HXSD12 were used to label the sample sites in Fig. 1. In
detail, a fresh sediment sample was collected from the outlet of the coal
adit (HXSD1), two iron crust samples were collected from the slope
terrain (upper 1–2 cm, HXSD2 to HXSD3), four sediment samples (iron
crusts) from the four-cell cascade unit (HXSD4 to HXSD7) and five se-
diment samples from the rest five (bio)remediation cells (HXSD8 to
HXSD12). The samples were taken once a season: 12 samples collected
in December 2016 (winter, J1), 12 samples in March 2017 (spring, J2),
12 samples in July 2017 (summer, J3) and 12 samples in October 2017
(autumn, J4). Samples from the five (bio)remediation cells were col-
lected with a PVC trap, and the samples from HXSD1 to HXSD7 were
collected with a wide-mouth container. All samples were placed into
sterile 50-ml tubes and kept in an ice box. Once back to the laboratory,
parts of the samples were immediately stored at −80 °C for further

microbial analysis. The rest were freeze-dried by a vacuum freeze-
drying machine (FD-1–50), and then they were ground and sieved with
a 200-mesh sieve for physical and chemical characterization as well as
geochemical analysis.

To measure the pH and Eh of the sediment samples, 5 g of freeze-
dried sediment powder was mixed with 10 mL of Milli-Q water and
shaken for 30 min. After standing for a while, the pH was measured
with an HACH HQ30d multi meter. To measure anions in the sediment
samples, 2 g of freeze-dried sediment was mixed with 10 mL of Milli-Q
water and shaken for 5 min, then left to equilibrate for 4 h. Afterward,
the supernatant was centrifuged at 3500 × g for 15 min and filtered
through a 0.45-μm filter membrane, and then determined by using ion
chromatography (Dionex, ICS-90, Sunnyvale, CA, USA). The total sulfur
(TS), soluble sulfur, total hydrogen (TH) and total carbon (TC) in the
sediments were measured using an elemental analyzer (Elementar,
Hanau, Germany). The geochemical sequent extraction method
(Poulton and Canfield, 2005) was applied to determine the Fe fractions
in the sediments, i.e., carbonate-associated Fe (Fecarb+AVS), easily re-
ducible oxides (FeOX1) including ferrihydrite and lepidocrocite, crys-
talline oxide form (FeOX2), and magnetite (Femag). The Fe content in
each extractable fraction was measured using a spectrophotometric
method (UV-9000 s, METASH, Shanghai) with 1, 10-phenanthroline at
510 nm (Tamura et al., 1974). The standard reference material
GBW07310 (Chinese National Standard) was used for analytical quality
control. Three measurements of a single sample were performed for
each geochemical parameter.

2.3. DNA extraction, PCR and 16 rRNA gene sequencing and statistical
analysis

Total genome DNA from samples was extracted using CTAB/SDS
method. The DNA concentration and purity were monitored on 1%
agarose gels. According to the concentration, the DNA was diluted to
1 ng/μL using sterile water. The 16S rRNA genes of distinct regions (V4)
were amplified using the 515F/806R primer pairs with the barcode
(Caporaso et al., 2012). All PCR reactions were carried out with Phu-
sion® High-Fidelity PCR Master Mix (New England Biolabs). The library
was sequenced on an Illumina HiSeq 2500 platform Novogene (Beijing,
China), and 250 bp paired-end reads were generated.

Raw tags were generated by merging paired-end reads using FLASH
(V1.2.7, http://ccb.jhu.edu/software/FLASH/) (Magoc and Salzberg,
2011) and quality filtered using QIIME v1.7.0 (Caporaso et al., 2010) to
obtain high-quality clean tags. The tags were compared with the re-
ference database (Gold database, http://drive5.com/uchime/uchime_
download.html) using the UCHIME algorithm (UCHIME Algorithm,
http://www.drive5.com/usearch/manual/uchime_algo.html) to detect
chimeric sequences (Edgar et al., 2011), and then the chimeric se-
quences were removed (Haas et al., 2011). Finally, the Effective Tags
were obtained. Sequences with ≥ 97% similarity were assigned to the
same OTUs by Uparse software (Uparsev7.0.1001, http://drive5.com/
uparse/) (Edgar, 2013). OTUs abundance information was normalized
using a standard of sequence numbers corresponding to samples with
the least number of sequences. Subsequent analysis was performed
using this output-normalized data.

QIIME calculates both weighted and unweighted UniFrac, which are
phylogenetic measures of beta diversity. Principal Coordinate Analysis
(PCoA) was performed to obtain principal coordinates and visualize
from complex, multidimensional data. A distance matrix of weighted or
unweighted UniFrac among samples obtained previously was trans-
formed to a new set of orthogonal axes, by which the maximum var-
iation factor was demonstrated by the first principal coordinate, the
second maximum by the second principal coordinate, and so on. PCoA
analysis was displayed by the WGCNA package, stat packages and
ggplot2 package in R software (Version 2.15.3). Unweighted Pair-
Group Method with Arithmetic Means (UPGMA) Clustering was per-
formed as a type of hierarchical clustering method to interpret the
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distance matrix using average linkage and was conducted by the QIIME
software (Version 1.7.0). Canonical correspondence analysis (CCA)
performed by the Novomagic platform (https://magic.novogene.com/)
was used to identify the influence of geochemical parameters on mi-
crobial community structures.

3. Results and discussion

3.1. Performance of in-situ pilot-scale passive treatment system

Environmental parameters were continuously monitored over the

course of one year, and the results can be found in Fig. 2. The down-
ward curves in Fig. 2a illustrated that the detectable total Fe continued
to decrease as the AMD passed through the system. After the overall
treatment, 93.7% of the total soluble iron was removed, as the con-
centration decreased from 820.5 ± 88.17 mg/L (HXW1) to
51.69 ± 72.68 mg/L (HXW9). According to Fig. 2b, Fe(II) oxidation
mainly took place at the slope terrain and in the four-cell cascade
aeration unit since the slope of the curves dramatically decreased from
HXW4. Before the effluent entered OC #1, there was only
45.94 ± 47.59 mg/L Fe(II), which means that 94% of Fe(II) had been
oxidized. Finally, 2.96 ± 2.71 mg/L Fe(II) was discharged. The results

Fig. 2. Water physicochemical parameters from each monitoring point of treatment system. (a): Content of total Fe; (b): content of Fe(II); (c): pH; (d): Eh; (e): EC; (f):
Temperature (T).
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also showed that the performance of the treatment system had certain
seasonal differences, especially for Fe(II) removal (Fig. 2b), which was
better in summer and autumn than in winter and spring. In the case of
pH (Fig. 2c) it kept decreasing from 2.7 ± 0.14 (HXW1) to
2.22 ± 0.17 (HXW6) in the first two units, and kept increasing in the
rest two units. At the outlet (HXW9) of the system, the pH was mea-
sured as 2.68 ± 0.29. The Eh increased continuously in the (pre)oxi-
dation-precipitation cells. As the effluent entered the ARUM cells, the
Eh started to decrease (Fig. 2d), indicating that the aquatic environ-
ments of the treatment system shifted from relatively oxidized to rela-
tively reduced conditions. The EC was 3.62 ± 0.48 mS/cm in the coal
adit (Fig. 2e). It decreased along the treatment system and was finally
measured as 2.55 ± 0.37 mS/cm in the effluent. The decrease in EC
along the system illustrated that the mineral content of the water was
reduced. The results showed that the temperature of the AMD in the
system fluctuated from 5 °C (winter) to 30 °C (summer) (Fig. 2f). In
addition, the sulfate concentration also decreased from
4133.67 ± 771.40 (HXW1) to 2706.32 ± 1130.52 mg/L (HXW9)
along the treatment system, with a removal rate of 34.52%.

All sediment samples contained a high content of Fe (Fetot)
(Table 1), ranging from 414.73 ± 34.21 mg/g at the coal adit to
204.21 ± 18.55 mg/g at the end of the treatment system. In the four
Fe-extractable fractions, FeOX1, referring to amorphous and crystalline
Fe (mainly ferrihydrite and lepidocrocite) (Oni et al., 2015), was pre-
dominant. The content of FeOX1 was high (> 100 mg/g) in all samples
but relatively low at HXSD10 (80.33 ± 22.15 mg/g). FeOX2 (crys-
talline Fe (oxyhydr)oxides, mainly goethite and hematite) (Oni et al.,
2015) was predominant in HXSD1 (37.74 ± 9.08 mg/g), was rela-
tively low in other samples and was lowest at HXSD10
(10.38 ± 4.25 mg/g). Comparatively, Fecarb+AVS and Femag accounted
for relatively small portions of Fetot. The sediments were also acidic, as
the pH was<3 for all 48 samples. The total sulfur (TS) content ob-
served along the system, decreased from 1.21%±0.33% to
0.95%±0.06%. All samples had a total carbon (TC) content of< 3%,
except for samples from the coal adit (HXSD1, 5.45%±1.11%) and the
MC2 (HXSD11, 3.08%±1.43%).

From the above results, the treatment system in this study showed
good performance in the removal of Fe under an extremely low pH
condition, and three points should be emphasized. First, the aerobic
process was necessary and important, since 99% of Fe(II) was oxidized
and 65% of Fe was removed in the first two aerobic units (cascades #1-
4 and OC #1-2) (Fig. 2). The removed Fe was precipitated, which was
deduced from the results that a high content of Fe (a majority was in
form of FeOX1 and FeOX2) was detected in the sediment (Table 1).
Second, placing baffles and PVC curtains in OC #1-2 enhanced Fe re-
moval, which was confirmed by the Fetot in the effluent being 715.75 g/
L and 689.58 g/L at the inlet and outlet of the four-cell cascade aeration
unit, respectively, and only 288.44 g/L could be detected at the outlet
of OC #2. Since iron hydroxide particles can form encrustments of
various consistencies on all underwater surfaces, the baffle and curtains

increase the surface area to which the iron hydroxide particles can
adsorb. Last, during the Fe removal process, microorganisms should
play an important role. For Fe(II) removal, an important step is Fe(II)
oxidation, and the chemical oxidation of Fe(II) occurs quite slowly at
pH < 4 (Johnson, 1998). The pH within our system was never higher
than 2.7, which means that in the system biologically mediated Fe(II)
oxidation occurred and promoted the oxidative precipitation of Fe(III)
under low pH conditions. This is in accordance with other reports
(Johnson & Hallberg, 2005; Larson et al., 2014).

3.2. Microbial composition and community structure in the treatment
system

Microorganisms play an important part in effective remediation of
AMD (Kalin et al., 2006; Kalin and Caetano Chaves, 2003). In this
study, a total of 4,383,236 high quality sequencing reads were obtained
from the 48 sediments, ranging from 80,000 to 99,968 reads per
sample, and clustered into 4730 operational taxonomic units (OTUs).
Forty-four phyla were identified, and Proteobacteria predominated in all
samples with a mean relative abundance (MRA) of 66.89 ± 17.15%.
This phylum was more abundant in the coal adit than in the pilot-scale
passive treatment system (Fig. 3a). Actinobacteria was the second most
abundant phylum with MRA of 7.57 ± 4.54%, followed by Firmicutes
(5.3 ± 8.14%) and Acidobacteria (4.87 ± 4.95%). Actinobacteria and
Acidobacteria were dominant in the ARUM units (MC1-MC2), and the
abundance of Firmicutes in the ARUM units was the lowest compared
with that in other AMD treatment units in the treatment system.

Genus level analysis can provide detailed information about the
microorganisms. Thus, the bacterial genera across all samples were
analyzed. Principal coordinate analysis (PCoA) at the OTU-level (97%
sequence similarity) based on unweighted UniFrac indicated that dis-
tinct microbial communities developed in each unit of the treatment
system (Fig. 4). Non-metric multidimensional scaling (NMDS) showed
similar results. The MRAs of the dominant genera in the pre-oxidation
precipitation units (cascades #1–4) were different from those in other
units (Fig. 3b). More specifically, in the pre-oxidation precipitation
units Phyllobacterium, Delftia, Ferrovum and Acinetobacter were domi-
nant, accounting for 17.59 ± 12%, 13.03 ± 10.6%, 9.83 ± 11.23%
and 5.20 ± 5.48% of the MRA, respectively. In the oxidation-pre-
cipitation units (OC1-OC2), Delftia (9.53 ± 10.03%), Phyllobacterium
(8.29 ± 9.03%) and Metallibacterium (8.23 ± 7.02%) showed rela-
tively higher abundances than those of other genera. Acidiphilium
(9.88 ± 6.95%), Acidibacter (8.43 ± 4.19%) and Metallibacterium
(7.33 ± 4.68%) showed higher abundances than those of other genera
in the two ARUM cells. The most abundant genera in the setting unit
were Acidiphilium (14.66 ± 8.57%), Acidibacter (8.48 ± 3.79%),
unidentified_Oxyphotobacteria (6.87%±5.8%) and Bacteroides
(5.48 ± 9.56%) (Table 2).

A UPGMA tree based on the shared phylogenetic distance between
each group indicated that distinct microbial communities developed

Table 1
Fe sequential extractable speciation in sediment samples (Mean of 4 season’s ± standard deviation).

Samples Fetot (mg/g) Fecard+AVS (mg/g) FeOX1 (mg/g) FeOX2 (mg/g) Femag (mg/g)

HXSD1 414.73 ± 34.21 1.53 ± 0.44 257.61 ± 65.98 37.74 ± 9.08 3.88 ± 1.42
HXSD2 491.26 ± 16.39 0.92 ± 0.22 362.74 ± 17.2 27.97 ± 8.51 4.47 ± 1.37
HXSD3 477.29 ± 76.39 1.13 ± 0.53 379.51 ± 22.53 21.2 ± 3.7 3.11 ± 1.11
HXSD4 426.32 ± 20.13 1.36 ± 0.57 374.35 ± 39.2 21.41 ± 1.9 4.82 ± 2.72
HXSD5 451.25 ± 80.07 0.94 ± 0.37 368.97 ± 27.54 25.72 ± 4.85 5.43 ± 2.25
HXSD6 452.28 ± 33.36 0.5 ± 0.09 385.98 ± 24.71 27.83 ± 7.16 5.52 ± 0.87
HXSD7 441.81 ± 37.59 0.82 ± 0.31 358.2 ± 30.26 28.84 ± 2.73 5.37 ± 1.56
HXSD8 193.33 ± 66.81 0.84 ± 0.59 105.21 ± 27.54 21.51 ± 0.38 1.5 ± 0.09
HXSD9 213.76 ± 78.22 0.91 ± 0.78 122.22 ± 39.87 22.32 ± 1.54 1.46 ± 0.11
HXSD10 124.13 ± 20.44 0.07 ± 0.05 80.33 ± 22.15 10.38 ± 4.25 1.04 ± 0.2
HXSD11 127.37 ± 13.42 0.09 ± 0.06 87.46 ± 11.25 11.28 ± 2.3 0.93 ± 0.19
HXSD12 204.21 ± 18.55 0.55 ± 0.29 141.92 ± 20.89 18.85 ± 3.17 0.86 ± 0.54
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within this treatment system in different seasons (Fig. 5a). During
winter and spring, the microbial community was dominated by Phyl-
lobacterium and Delftia (Fig. 5b). In summer the two genera declined
(both MRA%<5%), and the dominated genera shifted to Metalli-
bacterium (11.73 ± 8.12%), Ferrovum (9.98 ± 12.23%) and Acid-
ibacter (6.19 ± 4.7%). In autumn, Phyllobacterium (9.14 ± 12%) re-
placed Acidibacter (4.45 ± 2.98%), and together with Ferrovum
(10.54 ± 14.94%) andMetallibacterium (8.47 ± 6.03%), they became
the top three genera. Acidiphilium was shown during the whole year and
it flourished in spring with an MRA of 6.51 ± 8.47%.

The results (Figs. 3-4) showed that the microbial consortia in the
coal adit were distinct from that in the system. Even within the system
in different units, the microbial compositions showed differences. The
microbial consortia also differed in different seasons (Fig. 5). Analysing
the possible metabolic preference of the microbial communities can
help to better understand the differences in microbial consortia and
figure out functions of the microbial consortia in the system. Since the
detected microorganisms were not isolated and cultured, hints of their

potential metabolic preference could only be found from their reported
relatives. It was mentioned before that Fe(II) oxidation and Fe removal
were mainly achieved in the first two units. Moreover, Fe(II) oxidation
was almost entirely achieved in the pre-oxidation precipitation units
(cascades #1–4). Accordingly, Fe(II) oxidizer containing genera such as
Ferrovum, Acinetobacter andMetallibacterium were found to be dominant
in this unit. Research shows that Ferrovum species often appear in en-
vironments with high Fe(II) concentrations (> 230 mg/L); these species
can only grow in the presence of Fe(II), and their iron oxidation rate is
high (Johnson et al., 2014; Jones et al., 2015; Sheng et al., 2016).
Ferrovum was frequently found to be enriched in AMD treatment bior-
eactors (Sun et al., 2016a; Sheng et al., 2016; Grettenberger et al.,
2017), which indicates the importance of Ferrovum species in AMD
treatment with engineered systems. Bacteria from Acinetobacter are
tolerant of heavy metals at low pH and can promote Fe oxidation under
anaerobic conditions (Su et al., 2015). However, in the pre-oxidation
precipitation units, Acinetobacter was much less abundant than Fer-
rovum. Members from the genus Metallibacterium show versatile

Fig. 3. MRA (%) of dominant lineages in different AMD treatment units of treatment system. (a): Phylum level; (b): genus level (A. coal adit; B. slope; C. pre-oxidation
precipitation units; D. oxidation-precipitation units; E. ARUM units; F. setting unit).
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metabolisms. These species not only grow by utilizing organic com-
pounds but also by oxidizing Fe(II) and reduced inorganic sulfur com-
pounds (RISCs) and reducing Fe(III) (Ziegler et al., 2013; Brantner and
Senko, 2014; Bartsch et al., 2017). Thus, the abovementioned Fe(II)
oxidizer increased the removal of Fe(II) in the entire treatment system
by accelerating the oxidation of Fe(II) to Fe(III) in this unit. In addition,
the Fe(II) removal effect of the entire treatment system was better in
summer and autumn (Fig. 2b), which may be related to Ferrovum and
Metallibacterium being dominant in these two seasons (Fig. 5). Sulfur
oxidation might also occur in this unit, which was indicated by the
detection of the sulfur-oxidizer-containing genus Delftia. Microorgan-
isms of Delftia are not generally known as sulfur oxidizers. However, a
newly reported facultative chemolithoautotrophic mesophile Delftia sp.
strain SR4, isolated from coal mine spoil, can use thiosulfate, elemental
sulfur and tetrathionate as energy sources (Roy and Roy, 2019). The
habitat of Delftia species in this study is very similar to that of the re-
ported strain. The decreased pH and increased amount of SO4

2− in
sediments also indicated occurrences of sulfur oxidation.

In the oxidation-precipitation units (OC #1–2), the microbial con-
sortia were still dominated by sulfur and iron oxidizers since the genera
Delftia and Metallibacterium showed relatively high abundance. Fe(III)
reduction have occurred since the genera of Acidiphilum and Acidibacer
were detected. Acidiphilium generally exists in AMD and other acidic
environments (Johnson, 1998; Johnson and Hallberg, 2003), and sev-
eral species have been isolated (Okamura et al., 2015). Microorganisms
from this genus can reduce iron and promote its dissolution in acidic
environments (González et al., 2015). Bacteria of Acidibacter are cate-
gorized as acidophilic, mesophilic and obligately heterotrophic and can
reduce Fe(III). It was reported that Acidibacter ferrireducens sp. Nov.,
isolated from mine environments, can catalyze the reductive dissolution
of schwertmannite under microaerobic and anaerobic conditions
(Falagan and Johnson, 2014). Although the microbial metabolism of

iron in the oxidation-precipitation units was still dominated by Fe(II)
oxidation, the reduction of Fe(III) caused by Acidiphilium and Acid-
ibacter may slow the further removal of Fe in this unit. This was in
accordance with the practical environmental monitoring results
showing that the removal efficiency of iron in the oxidation-precipita-
tion stage is lower than that in the pre-oxidation precipitation stage
(Fig. 2a).

In the ARUM units (MC #1–2), rice straw compost and the floating
cattail mat caused the water to contain a high content of organic carbon
and a low content of oxygen, which was quite different from the water
in the first two units. A declining Eh also indicated a less oxidized en-
vironment in this unit than in the previous unit. Accordingly, a robust
growth of facultative chemolithoautotrophic and anaerobic bacteria
from the genera Acidiphilium, Acidibacter and Metallibacterium were
detected. Alkalinity was generated while the Fe(III) was reduced (Akcil
and Koldas, 2006), which was in accordance with the decrease in pH
(Fig. 2c). With alkalinity generation, sulfides precipitated Fe(II) as iron
sulfides. Consequently, concentrations of both sulfate and Fe in the
AMD could be reduced in this unit. Notably, Acidiphilium in this treat-
ment system flourished and dominated in the spring, which may have
promoted the reduction of Fe(III) and inhibited the precipitation pro-
cess of Fe(III), resulting in the worst performance of Fe removal of the
treatment system in this season (Fig. 2a). The amount of SO4

2− in se-
diment from this unit also decreased.

In the last unit (setting cell), Acidiphilium, Acidibacter and
Metallibacterium were still the dominant genera but the growth of
Acidiphilium increased and the growth of Metallibacterium decreased.
Therefore, the AMD treatment of this unit strengthened the ARUM
process and further increased the pH value of water. Notably, the dis-
tinct genus Bacteroides developed in this unit, which is related to the
addition of rice straw. Bacteria of Bacteroides are often isolated from
rice-straw residue and can utilize a wide variety of compounds as

Fig. 4. PCoA plot showing clusters of microbial communities based on unweighted UniFrac with 100% support at all nodes (A. coal adit; B. the slope; C. pre-oxidation
precipitation units; D. oxidation-precipitation units; E. ARUM units; F. setting unit).
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carbon and energy sources including crystalline cellulose and lig-
nocellulosic materials in the form of corncobs, corn hulls and rice straw
(Ueki et al., 2008; Ueki et al., 2011). Their appearance indicated that
successful fermentation occurred in the third unit.

Surprisingly, Phyllobacterium was the most abundant genus in the
pre-oxidation precipitation units, and it also showed relatively high
abundance in the oxidation-precipitation and ARUM units. Members of
Phyllobacterium are well known as plant growth-promoting rhizo-
bacteria (PGPR) for their N fixing capability (Mantelin et al., 2006).
They were also detected in AMD-contaminated areas (Zhang et al.,
2018; Hou et al., 2019). However, there is no detailed information on
their remediating performance. Only one paper suggested that Phyllo-
bacterium myrsinacearum RC6b is a good candidate for microbially as-
sisted phytoremediation, because it enhanced growth and the Cd and
Zn uptake of Sedum plumbizincicola (Ma et al., 2013). In this study, the
genus Phyllobacterium was originally detected in the coal adit, which is
covered by trees. Its growth enhanced at the slope terrain where various
wild plants are growing aside the AMD stream, but its relative abun-
dance kept decreasing along the system. Plants were observed growing
at the inner edge of the first unit. Except for the growth of plants, in our
study, no additional data supported the observation that the micro-
organisms could enhance the growth of plants. The role of this genus
during the AMD treatment in the treatment system is not known, and its
impact on the performance of the system will not be discussed at this
time. It seems that Phyllobacterium were carried by the AMD stream
from the slope terrain.

3.3. Effects of geochemical parameters on microbial community
compositions

The results of classical canonical correlation analysis (CCA) in Fig. 6
demonstrated the possible correlations between geochemical para-
meters and bacterial community structure. Axis 1 explained 36% of the
genus-level variability and was positively correlated with pH, TC, T, TN
and SO4

2− but negatively correlated with Eh, TH, TS and the rest of Fe-
extractable fractions. Axis 2 explained a further 25.33% of the varia-
bility and was negatively correlated with all tested parameters except
pH. As indicated by the length of the environmental variables’ arrows in
the CCA biplot, the stronger determinants for the microbial commu-
nities were Fetot, TS, FeOX1, T and FeOX2. The dominate genera of
Phyllobacterium and Delftia were negatively correlated with pH
(p < 0.01) and temperature (p < 0.01), and positively correlated
with Fetot, FeOX1 and TS (p < 0.01). Acinetobacter was positively
correlated with TS, Fetot, Fecard+AVS, FeOX1 and Femag (p < 0.01),
while negatively correlated with pH and temperature (p < 0.01).
Metallibacterium was significantly and positively correlated with tem-
perature (p < 0.01). Genera of Ferrovum were positively correlated
with Fetot, FeOX1 and FeOX2 (p < 0.01). The microbes were mainly
enriched in the (pre)oxidation precipitation units. In addition, Acid-
ibacter, mainly distributed in the ARUM units and the setting unit, were
positively correlated with pH (p < 0.05) and negatively correlated
with Fetot (p < 0.01), FeOX1 (p < 0.01), Fecard+AVS (p < 0.01),
FeOX1 (p < 0.05) and TS (p < 0.01).

CCA exhibited that pH drove the change of microbial community
composition in the pilot system (Fig. 6), in accord with findings that pH
is usually a dominant parameter that affects the microbial community
composition and diversity in AMD-contaminated areas as well as AMD
treatment bioreactors (Sun et al., 2016a; Grettenberger et al., 2017).
However, it is worth noting that variation in pH within the system was
no more than one unit, so pH was not a unique determinative variable
in shaping the microbial consortia within the system. Notably, micro-
bial consortia were significantly linked to FeOX1 and FeOX2, which is
consistent with previous findings that metal speciation affects microbial
diversity and composition (Bier et al., 2015; Sun et al., 2016b). Mi-
crobial communities from the (pre)oxidation precipitation units were
positively correlated with iron, and the elevated Fe contents in theseTa
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units favored the growth of various Fe-oxidizing bacteria (FeOB). For
instance, Ferrovum dominated in the cascades #1–4 and the oxidation-
precipitation units, whereas the relative abundance in ARUM and the
setting unit were relatively low. Moreover, the total S content was also
found to be an influential factor in shaping microbial communities in
the system. This is understandable because RISCs are energy sources
and electron donors for sulfur oxidizing acidophiles and sulfate is an
important electron receptor for SRB. Microbial sulfur metabolism is
critical for the treatment of AMD (Sanchez-Andrea et al., 2014; Zhou
et al., 2018). Similarly Fe(II), as the sole energy source and electron
donor for chemolithotrophs, was also found to be a factor affecting the
distribution of the microbial communities. During the monitoring
period it was observed that microbial composition was influenced by
seasonal succession. In fact, seasonal succession dramatically affected
the temperature (Fig. 2f), which was responsible for seasonally ecolo-
gical succession (Volant et al., 2014). For instance, the optimized
growth temperature for Ferrovum and Metallibacterium is in a range of
25–30 °C (Ziegler et al., 2013; Johnson et al., 2014). Accordingly, in the
treatment system, the two genera were abundant in summer and

autumn when the temperature was approximately 25 °C. In addition,
seasonal succession also affected the hydraulic retention time (HRT),
which is related to the flow rate of the effluent in the system, and HRT
affects the stability of passive bioreactors and their microbial commu-
nities (Vasquez et al., 2018). Thus, multiple physicochemical para-
meters jointly drove the variation of microbial consortia in this system.

3.4. Several strategies to enhance the performance of the treatment system

From this study, the in-situ pilot-scale passive treatment system
showed poor performance in the removal of sulfate as well as neu-
tralization of acid. As we mentioned previously, the goals were ex-
pected to be achieved in the ARUM units (MC #1–2) by alkalinity-
generating bacteria such as SRB and FeRB. Microbial community ana-
lysis showed that SRBs, the key microorganisms for sulfate removal, did
not develop in this unit. The absence of SRB illustrates that the de-
creased sulfate in the effluent was probably precipitated via physico-
chemical interactions such as absorption by iron hydroxide particles
and chelation by organic compounds. The monitored physicochemical

Fig. 5. (a) The UPGMA tree showing clusters of microbial communities based on weighted UniFrac from different seasons; (b) bacterial community composition of
treatment system in different seasons based on relative abundance of bacterial class with top 10 genus (J1: Winter; J2: Spring; J3: Summer; J4: Autumn).
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parameters indicated that low pH should be a crucial cause for the
failure of the growth of SRB. The optimal growth pH for SRB is from 5.0
to 9.0 (Grossman and Postgate, 1953). Thus, increasing the pH to en-
sure the growth of SRB should be examined in the future. The in-
troduction of limestone into the system could be a good strategy. The
importance of limestone gravel berms was also emphasized when an
ARUM treatment system was successfully applied to treat AMD (Kalin
and Caetano Chaves, 2003). In this study, most of the Fe was oxidized
in the pre-oxidation precipitation units. Some changes could probably
be made in the oxidation-precipitation units to endow them with two
functions: 1) precipitate Fe and 2) neutralize acidity. To achieve this
goal, more curtains could be added to OC #1 to improve Fe removal.
Moreover, OC #2 could be converted to a microbial cell with the ad-
dition of limestone gravel beneath the organic substrate or mixed with
the organic substrate. In addition, SRB cannot degrade biopolymers
directly, and their growth relies on the activity of anaerobic hydrolytic
and fermentative bacteria such as Clostridia (Labrenz and Banfield,
2004). A mixture of organic substrate could be used since the presence
of organic matter determines the growth of the anaerobic microflora,
and higher sulfate reduction has been detected if the reactive mixtures
contained more than one organic carbon source (Muhammad et al.,
2015).

4. Conclusions

Distinct microbial communities were shaped within a field pilot-

scale passive system and showed great influence on the performance of
AMD in-situ bioremediation. Development of iron oxidizer enabled
stable and effective cleanup of total soluble iron and Fe(II), while the
absence of SRB caused a failure of sulfate removal and acidity neu-
tralization. Multiple parameters including pH, iron speciation, TS and
season succession jointly affected the microbial community structure.
Moreover, several strategies were discussed to fix the growth problem
of SRB. These results will promote the further development and appli-
cation of in-situ field bioreactors to remediate AMD.
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