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Abstract
Five types of sulfate-reducing passive bioreactors with rice bran as substrate were operated at three different mine sites under various
operating conditions to investigate and compare the dominant sulfate-reducing bacteria (SRBs) involved in acid mine drainage (AMD)
treatment. In all bioreactors, AMD was properly treated under the national effluent standard of Japan when 16 samples in total were
taken from different depths of the bioreactors at different sampling times. Analysis of the microbiomes in the five bioreactors by
Illumina sequencing showed that Desulfosporosinus spp. were dominant SRBs in all bioreactors (the relative abundances were ~
26.0% of the total population) regardless of reactor configurations, sizes, and operating conditions. This genus is known to comprise
spore-forming, acid-tolerant, and oxygen-resistant SRBs with versatile metabolic capabilities. Microbial populations of AMD water
and soil samples (as inocula) from the respectivemine sites were also analyzed to investigate the origin of the genusDesulfosporosinus.
Desulfosporosinus spp. were detectable in most AMD water samples, even at low relative abundances (0.0025 to 0.0069% of total
AMD population), suggesting that the genusDesulfosporosinus is present within the AMDwater that flows into the bioreactor. These
data strongly imply that the passive treatment system is a versatile and widely applicable process for AMD treatment.

Keywords Sulfate-reducing bacteria . Acid mine drainage . Passive treatment . High-throughput sequencing . Microbial
community

Introduction

Acid mine drainage (AMD) is generated by sulfide oxidation
during exposure of mine tailings to oxygen and water in the

mining and metallurgical industries and therefore has certain
properties such as low pH, high sulfate, and metal concentra-
tions. To avoid detrimental environmental impacts, various
types of abiotic and biotic treatment systems have been devel-
oped for AMD remediation (Fu and Wang 2011; Kurniawan
et al. 2006). Among these systems, passive treatment can offer
advantages such as low operating costs and minimal external
energy requirements (Skousen et al. 2017). One effective ap-
proach in passive treatment is sulfate-reducing bioreactors, in
which sulfate-reducing bacteria (SRBs) reduce sulfate (elec-
tron acceptor) in AMD to hydrogen sulfide, which is concom-
itant with oxidation of low molecular carbon sources (electron
donors). The resultantly formed hydrogen sulfide immobilizes
dissolved metals by precipitating them as metal sulfide.
Therefore, SRBs are key microbes in the performance of this
AMD treatment process. According to a recent excellent re-
view describing the diversity of SRBs in sulfidogenic biore-
actors for AMD treatment, diverse SRB genera including
Gram-negative mesophilic SRBs (Phylum: Proteobacteria,
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Class:Deltaproteobacteria) and Gram-positive spore-forming
SRBs (Phylum: Firmicutes, Class: Clostridia) were detected
in the bioreactors (Sánchez-Andrea et al. 2014). The important
factors affecting the types of SRBs in bioreactors are thought
to be the feed substrates, pH, and inocula of the process; how-
ever, the details remain unexplained.

Since AMD usually contains a very low organic carbon
concentration (< 10 ppm), the addition of electron donors is
necessary for both SRB activation and bioreactor performance
(Zagury et al. 2006). When fed with ethanol, the dominant
SRB genera were reported to include Desulfovibrio spp. and
Desulfobacter spp. (Zhao et al. 2017) or Desulfovibrio spp.
and Desulfomicrobium spp. (Hiibel et al. 2011). The
Desulfovibrio-related operational taxonomic unit (OTU)
could be detected in low-pH environments (Sánchez-Andrea
et al. 2013), but is known to oxidize the substrate incompletely
to acetate (Vita et al. 2015). Hence, additional important SRB
species such asDesulfobacter spp. orDesulfomicrobium spp.,
which can completely oxidize acidified intermediates to CO2

(completely oxidizing SRB), were also enriched in addition to
incompletely oxidizing Desulfovibrio spp. (Copeland et al.
2009; Widdel 1992). By contrast, in many sulfate-reducing
bioreactors, complex organic substrates are used to promote
the long-term activity of SRBs. The added organic substrates
are often low cost or locally available materials; the effective-
ness of these organic materials for sulfate reduction has been
investigated (Skousen et al. 2017). Although the type of dis-
solved organic carbon from mixed organic substrates is sug-
gested to play an important role in sulfate reduction (Neculita
et al. 2011; Zhang and Wang 2014), little is known about the
dynamics of SRB communities in passive bioreactors with
complex organic substrates compared with those with simple
substrates.

Sánchez-Andrea et al. (2014) described the importance of
the choice of a suitable inoculum for sulfate reduction to re-
mediate AMD. For example, when a neutrophilic inoculum is
used as the source of SRBs in the bioreactor, reactor operation
at lower pH values might depend on the adaptability of SRBs
in the community (Bijmans et al. 2010). Meanwhile, when
using an acidophilic inoculum from naturally extreme acidic
environments, metal precipitation can be achieved under con-
trolled low pH (2.2–2.5) (Ňancucheo and Johnson 2012).
Therefore, it is important in AMD remediation to predict the
origin of the predominant SRBs in the bioreactors.

Recently, we demonstrated the stable operation of a
vertical down-flow packed bed bioreactor fed with rice
bran as an organic material source (designated the Japan
Oil, Gas and Metals National Corporation [JOGMEC]
process; Sato et al. 2018). Because rice bran contains
abundant carbohydrate and other nutrients (generally,
48.8% (w/w) carbohydrate (20.5% fiber), 19.6% fat,
13.4% protein, 4.4% minerals) and is commonly avail-
able in Japan as food waste, it is suitable as an organic

substrate for the bioreactor. In the JOGMEC process,
AMD flows downward through a layer of rice bran,
and microbial degradation of the rice bran provides the
substrates for SRBs, which are present in the lower
layers of the bioreactor. Resultantly, continuous sulfate
reduction and metal removal (Zn, Cu, and Cd) from
AMD can be achieved for approximately 800 days
(Sato et al. 2018; Aoyagi et al. 2018). Also, the effects
of hydraulic retention time (HRT) and influent pH on
reactor performance were investigated by process moni-
toring using a combination of chemical analyses and
Illumina sequencing of 16S ribosomal RNA (rRNA)
genes (Aoyagi et al. 2017). Although the microbial
community degrading the rice bran was monitored in
laboratory-scale JOGMEC processes (Aoyagi et al.
2017, 2018), a detailed analysis of the SRB community
involved in the process has not been performed at pilot
or laboratory scales.

The main objectives of this study were (1) to investigate
and compare the dominant species of SRBs in the bioreactors
at different test sites with varying conditions and (2) to sur-
mise the source of the dominant SRBs in the bioreactors. To
address these objectives, pilot- or laboratory-scale sulfate-re-
ducing passive bioreactors following the JOGMEC process
were operated at three different test sites, mine sites A, B,
and C, with different parameters (e.g., scale, flow rate, pH),
and a comparative study of the sulfidogenicmicrobiota among
the bioreactors was performed using high-throughput Illumina
MiSeq sequencing methods. Furthermore, the microbial com-
munity structures of AMD samples and soil samples around
the respective mine sites were also analyzed.

Materials and methods

Sulfate-reducing bioreactors at three test sites
and their operational conditions

The basic concept and design of the vertical flow sulfate-
reducing bioreactor with rice bran as substrate (the
JOGMEC process) was described in our previous report
(Sato et al. 2018). Briefly, the reactor was first packed with a
mixture of rice husks, limestone (3–20 mm in diameter), and
field soil as inoculum. Then, rice bran was placed on top of
this layer as an organic matter source, and the reactor was
saturated with AMD. The reactor has several sampling ports
at different heights in addition to the output port. The study
areas of the three abandoned metal mine sites (sites A, B, and
C) were located in the northern part of Japan. Table S1 de-
scribes the characteristics of the original AMD water and the
respective AMD water after treatment under various condi-
tions at each site.
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Reactor setup at site A

A square-shaped bioreactor (A: volume 2 m3; Fig. S1A) was
operated in which AMD was neutralized with limestone be-
fore being fed into the bioreactor. Since the raw AMD used in
bioreactor A (leachate, pH 3.7) contains various heavy metals
but no Fe (Table S1), no pretreatment system for Fe removal
was equipped. The HRTwas adjusted to 25 h (input flow rate
400 mL/min). AMD water samples from sampling port 1 and
the output port were collected on February 22, 2017, and April
20, 2017 (71 and 128 operation days, respectively; four total
samples: two time points and two depths) and used for both
chemical and microbial community analyses.

Reactor setup at site B

Two square-shaped bioreactors (B1 and B2: volume 15 m3

each; Fig. S1B) were operated at an HRT of 25 h (input flow
rate 2600 mL/min). Table S1 shows the characteristics of the
original AMD at site B (mine water, pH 3.5) containing 35–40
mg/L of Fe, which was initially passed through an iron oxida-
tion reactor (Fig. S1B). As a result, approximately 30–35 mg/
L of Fe was removed before entering the sulfate-reducing
bioreactors (Fig. S1B). In the first period of operation
(November 21, 2016, to May 9, 2017), both bioreactors, B1
and B2, were operated under neutral conditions with lime-
stone (pH 6.3). Subsequently, the bioreactors had mechanical
issues, and thus were fixed and re-started. In the second period
of operation (from May 10, 2017), reactor B1 was operated
under acidic conditions using AMD (pH 3.5), while reactor
B2 was operated under neutral conditions (pH 6.3). AMD
water samples from sampling ports 1 and 4 were collected
on March 15, 2017, and May 30, 2017 (day 114 of the first
period and day 28 of the second period (after the re-start),
respectively; eight total samples: two time points, two condi-
tions, and two depths).

Reactor setup at site C

Two column bioreactors (C1 and C2: volume 0.03 m3

each; Fig. S1C) were operated under neutral conditions.
Reactor C1 was operated at an HRT of 12.5 h (input flow
rate 13 mL/min); reactor C2 was operated at an HRT of
6 h (26 mL/min). As the raw AMD used in the reactors
(raw water; i.e., a mixture of leachate and mine water; pH
3.4) contained only 2–4 mg/L of Fe (Table S1), there was
no pretreatment system for Fe removal. AMD samples
(pH 3.9) from the upper and lower parts of the reactor
were collected on March 27, 2017, after 160 days of con-
tinuous operation (four total samples: two HRT conditions
and two depths).

DNA extraction and Illumina sequencing

For 16S rRNA gene amplicon sequencing, DNA samples
were prepared for 16 samples from two reactor depths
(upper and lower) of the three reactors types, six AMD
water samples, and three soil samples (as inoculum)
around each site. All samples were prepared in triplicate
and the sequencing analyses were performed using the
triplicate samples. DNA was extracted from each sample
using a direct lysis protocol with bead beating (Noll
et al. 2005). The V4 region of the 16S rRNA gene was
amplified using the universal primers 515F and 806R,
both of which were modified to contain an Illumina
adapter region, with the latter primer also containing a
12-bp barcode for multiplex sequencing (Caporaso et al.
2012). Following PCR amplification and purification of
the resultant amplicons (Hori et al. 2015; Navarro et al.
2015; Sato et al. 2016), the barcode-labeled DNA library
and an initial control (PhiX; Illumina, San Diego, CA,
USA) were subjected to paired-end sequencing using a
500-cycle MiSeq Reagent kit (Illumina) with a MiSeq
sequencer (Illumina).

Sequence data analysis

The paired-end sequences were assessed for quality (i.e.,
removal of low quality (Q < 30), chimeric, and PhiX
sequences) and assembled as described elsewhere (Itoh
et al. 2014; Aoyagi et al. 2015). QIIME (Caporaso
et al. 2010) was used for taxonomic classification and
OTU clustering at the 97% identity level. A single se-
quence was selected from each respective OTU and tax-
onomically assigned using the Blast with the NCBI nu-
cleotide database (https://blast.ncbi.nlm.nih.gov). Alpha
diversity indices (i.e., Chao1 and Simpson reciprocal)
of the Illumina sequence data were determined using
QIIME software based on the same number of
sequences (n = 33,390) for each reactor sample
(Table S3) (Fig. 1). Community variation among the
samples was evaluated by principal coordinate analysis
(PCoA) of the Illumina sequence data based on weighted
UniFrac distances calculated by QIIME software. SRB-
related OTUs were extracted using an in-house script.
Briefly, OTUs were assigned as SRBs if the binominal
name of the OTU was identical to one of the 953 species
whose dissimilatory sulfite reductase genes are registered
in the RefSeq database (https://www.ncbi.nlm.nih.gov/
refseq/). In Fig. 2c, the relative abundances of OTUs
with identical taxonomies were merged into one.

The nucleotide sequences obtained from the Illumina se-
quencing analyses based on 16S rRNA genes have been de-
posited in the DDBJ Sequence Read Archive under accession
code DRA007949.
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Fig. 2 Microbial compositions at
class (a) and genus (b) level, and
the relative abundances of sulfate-
reducing bacteria (SRB)-related
operational taxonomic units
(OTUs) (c) in the pilot- and
laboratory-scale bioreactors oper-
ated at three different mine sites.
The phylogenetic groups (class or
genus) or SRB species names are
indicated by color and their tax-
onomies are shown to the right of
the graphs. Details of the sam-
pling sites (sites A–C), bioreac-
tors (A, B1, B2, C1, and C2),
sampling times (January to June),
and respective operation condi-
tions are described in the text.
SRB-related OTUs were selected
using an in-house script in which
OTUs were assigned one of 953
binominal names of microorgan-
isms possessing a dissimilatory
sulfite reductase gene registered
in the RefSeq database (https://
www.ncbi.nlm.nih.gov/refseq/).
SRB-related OTUs with identical
taxonomies were merged;
Desulfosporosinus meridiei con-
tains OTU 10. Mean values of
three replicates were used in all
graphs

Fig. 1 Diversity of microbial communities in the pilot- and laboratory-
scale bioreactors operated at three different mine sites. The α-diversity
indices were calculated based on Illumina sequencing data of 16S ribo-
somal RNA (rRNA) genes (16 samples) from each depth of the bioreac-
tors. Each diversity index, Chao1 (a) and Simpson reciprocal (b), was
calculated based on an equivalent number of sequences (n = 33,390)

subsampled from the original libraries. A principal coordinate analysis
(PCoA) scatter plot of 16S rRNA sequences (c) based on the weighted
UniFrac distances was obtained by Illumina sequencing of the 16 sam-
ples. Details of the sampling sites (sites A–C), bioreactors (A, B1, B2, C1,
and C2), sampling times (January to June), and respective operation con-
ditions are described in the text
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Results

Bioreactor performances

For site A, stable operation of the bioreactor was confirmed in
February, showing a sulfate removal ratio of 13% (average
value of n = 20), a Zn concentration of 0.54mg/L in the output
port (n = 20), and an oxidation-reduction potential (ORP)
value of − 132 mV in the output port (n = 20). By contrast,
in April, the sulfate removal ratio (9.2%, n = 20) and Zn
concentration in the output port (0.44 mg/L, n = 20) were
stable, but the ORP value in the output port was + 153 mV
(n = 20), suggesting the possibility that a reducing atmosphere
was not maintained in the lower part of the bioreactor.

The average values (n = 20) of sulfate removal ratio, Zn
concentration, and ORP for site B are shown in Table S2.
Although the operation condition of reactor B1 had been
changed to acidic (pH 3.5) from neutral (pH 6.3) after the
mechanical issue, both reactors B1 and B2 showed stable
performances.

As to site C, stable operation of the bioreactor was con-
firmed during the period, and the average values of sulfate
removal ratio, Zn concentration, and ORP were 20% (n =
11), 0.86 mg/L (n = 11), and − 175 mV (n = 15), respectively,
in the lower part.

16S rRNA gene amplicon sequences

Approximately 11.4 million sequences were obtained in total
from the 16 reactor samples, corresponding to an average of
210,731 sequences per library (minimum, 130,152; maxi-
mum, 967,640; standard deviation, 108,247) (Table S3). By
contrast, approximately 7.5 million sequences were obtained
in total from the six AMD samples and three soil samples,
corresponding to an average of 278,709 sequences per library
(minimum, 188,654; maximum, 465,146; standard deviation,
47,174) (Table S4).

Comparison of microbial diversity
among the bioreactors at different test sites
under various conditions

Microbial diversity of each sample was evaluated by calculat-
ing alpha diversity indices and weighted UniFrac distances for
PCoA. Although the values of Chao1 indices, which denote
the predicted species richness, tended to increase according to
the site order, from A to C, few differences were observed
among the different sites and conditions (Fig. 1a and b). The
PCoA scatter plot indicated the shifts in microbial communi-
ties associated with depth direction from the upper part to the
lower part (Fig. 1c). For example, in site A (both February and
April), the plots for port 1 were clustered at the left side, but
shifted to the middle for the lower part of the reactor (output

port). The distance between the top and output ports was lon-
ger in site A than in sites B and C, implying that the microbial
communities in these reactor positions changed greatly (Fig.
1c). By contrast, at sites B and C, the plots shifted from the
upper part to the lower part of the plot with the depth direction
of each reactor, and the distance between the ports was rela-
tively shorter, compared with that in site A (Fig. 1c). These
results indicate that the shifting trends were only similar with-
in the same site, while differing among sites.

Microbial community structures in the bioreactors

The microbial compositions of the respective bioreactors were
compared with class (Fig. 2a) and genus levels (Fig. 2b).
Although the bioreactors at the different mine sites were op-
erated under various conditions in terms of reactor type, scale,
pH, and AMD content, the microbial compositions at the class
level appeared to be similar in most samples. The classes
Clostridia (phylum Firmicutes) and Bacteroidia (phylum
Bacteroidetes) highly dominated, accounting for 10.4% and
48.6% of the total population at site A; 31.7% and 81.9% at
site B; and 24.7% and 49.6% at site C, respectively (Fig. 2a).
I n a d d i t i o n t o C l o s t r i d i a a n d B a c t e ro i d i a ,
Gammaproteobacteria were also dominant, accounting for
51.8% and 59.4% of the total populations at sites A and C,
respectively.

The six most dominant OTUs in bioreactors A, B1, B2, C1,
and C2 are listed in Table 1. At site A, three of the six dom-
inant OTUs belonged to the class Bacteroidia, which is often
observed within reactors of the JOGMEC process (Aoyagi
et al. 2017, 2018; Sato et al. 2018). In bioreactors B1 and
B2, all six dominant OTUs belonged to the class Bacteroidia
orClostridia. Similarly, in bioreactors C1 and C2, the six most
dominant OTUs were related to the classes Bacteroidia,
Clostridia, or Gammaproteobacteria.

By contrast, the most dominant OTU at site A was re-
lated to a Sulfuricurvum kujiense (Epsilonproteobacteria;
abundance 35.2% in February and 14.6% in April) and the
f i f t h dom in an t OTU was a Ps eudomona s s p .
(Gammaproteobacteria). S. kujiense (OTU 1) is capable
of sulfur oxidation, which is the reverse reaction of sulfate
reduction, the key metabolic pathway in the passive treat-
ment process (Han et al. 2012). As the S. kujiense domi-
nated only in site A, in which the reactor performance
became unstable (increased ORP value), the predominance
of sulfur-oxidizing bacteria may indicate an insufficiency
in the reactor performance. On the other hand,
Pseudomonas spp. (OTU 5) are known to secret
siderophores that bind not only Fe3+ but also Co2+, Zn2+,
Mn2+, Ni2+, and Ga3+ (Ferreira et al. 2018), and are capa-
ble of biofilm formation, which is a major strategy for
resisting heavy metal toxicity (Giovanella et al. 2017).
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This OTU was presumed to play roles in the detoxification
of metal ions.

The community structures of SRB species in the bioreac-
tors at respective mine sites were revealed by the detailed
analysis on sequence data, demonstrating that the relative
abundances of SRBs varied among test sites and operational
conditions (Fig. 2c). In all samples analyzed, the most domi-
nant SRB-like OTU was related to Desulfosporosinus
meridiei (> 97% sequence identity; determined using the
Greengenes database), accounting for 27.3 to 87.0% of each
total SRB-like population. In addition to the genus

Desulfosporosinus, the genera Clostridium, Ruminococcus,
Desulfovibrio, and Desulfobulbus were also detected; these
five genera accounted for 100% of the total SRB-like popula-
tion in the bioreactors. The OTU belonging to genus
Desul fosporosinus (OTU 10, Desul fosporosinus
fructosivorans) was also found as the sixth most dominant
OTU at site B (Table 1), which accounted for 5.7% in
March and 4.2% in June at site B1, and 2.8% in March and
4.6% in June at site B2. Similarly, OTU 10was detected as the
third most dominant species at cite C (relative abundances
3.2% at C1 and 9.0% at C2)

Table 1 Six most abundant operational taxonomic units (OTUs) at the lower parts (port-4 or output port) of the respective bioreactors

Site OTU Abundancea Taxonomyb Identity (%) GenBank accession Class

Time point 1 (%) Time point 2 (%)

A 1 February 35.2 April 14.6 Sulfuricurvum kujiense 97 CP002355.1 Epsilonproteobacteria

2 20.7 18.3 Bacteroides luti 91 NR_125463.1 Bacteroidia

3 3.7 7.8 Xylanibacter oryzae 100 AB588019.1 Bacteroidia

4 0.2 10.8 Candidatus Accumulibacter phosphatis 99 MH427002.1 Betaproteobacteria

5 0.1 10.2 Pseudomonas sp. LG1E9 100 CP029983.1 Gammaproteobacteria

6 4.4 4.2 Prevotella paludivivens 100 AB547705.1 Bacteroidia

B1 7 March 10.9 June 13.3 Paludibacter propionicigenes 97 AB910740.1 Bacteroidia

6 12.9 7.7 Prevotella paludivivens 100 AB547705.1 Bacteroidia

8 7.8 8.6 Bacteroides luti 100 NR_125463.1 Bacteroidia

9 6.2 6.1 Paludibacter propionicigenes 97 AB910740.1 Bacteroidia

2 3.1 7.5 Bacteroides luti 91 NR_125463.1 Bacteroidia

10 5.7 4.2 Desulfosporosinus fructosivoransc 100 NR_156976.1 Clostridia

B2 11 March 10.4 June 2.3 Pseudobacteroides cellulosolvens 97 NR_025918.1 Clostridia

12 3.3 6.8 Sunxiuqinia rutila 92 NR_134207.1 Bacteroidia

13 8.8 0.04 Ruminofilibacter xylanolyticum 88 DQ141183.1 Bacteroidia

14 4.0 4.3 Spirochaeta zuelzerae 99 FR749928.1 Bacteroidia

15 5.3 2.3 Anaerocella delicata 89 NR_132392.1 Bacteroidia

10 2.8 4.6 Desulfosporosinus fructosivoransc 100 NR_156976.1 Clostridia

C1 5 May 47.3 – Pseudomonas sp. LG1E9 100 CP029983.1 Gammaproteobacteria

16 10.5 Acinetobacter sp. 19WI(-)_OTU39 100 LN812284.1 Gammaproteobacteria

10 3.2 Desulfosporosinus fructosivoransc 100 NR_156976.1 Clostridia

17 2.3 Paludibacter jiangxiensis 97 NR_146018.1 Bacteroidia

6 2.1 Prevotella paludivivens 100 AB547705.1 Bacteroidia

18 1.9 Porphyromonas sp. C1075 85 JF803575.1 Bacteroidia

C2 16 May 14.2 – Acinetobacter sp. 19WI(-)_OTU39 100 LN812284.1 Gammaproteobacteria

8 13.6 Bacteroides luti 100 NR_125463.1 Bacteroidia

10 9.0 Desulfosporosinus fructosivoransc 100 NR_156976.1 Clostridia

7 6.0 Paludibacter propionicigenes 97 AB910740.1 Bacteroidia

17 3.2 Paludibacter jiangxiensis 97 NR_146018.1 Bacteroidia

19 2.6 Clostridium estertheticum 100 CP015756.1 Clostridia

a The top six most abundant OTUs were selected based on the sum of the relative abundances at the two time points, except for site C. Mean values of
three replicates were used
b Taxonomy was assigned using the Blast analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with a nucleotide database consisting of GenBank, EMBL,
DDBJ, PDB, and RefSeq sequences
c OTU 10 was assigned to Desulfosporosinus meridiei when using QIIME software with Greengenes database

7788 Appl Microbiol Biotechnol (2019) 103:7783–7793

https://blast.ncbi.nlm.nih.gov/Blast.cgi


Microbial community structure in AMD and soil
samples at each test site

Since the SRB communities in the JOGMEC process are
thought to be derived mainly fromAMD (acidic environment)
and/or soil (neutral environment) samples, it is important to
predict the origins of SRB inocula for AMD remediation.
Alpha diversity indices (i.e., Chao1 and Simpson reciprocal)
of the Illumina sequence data were determined based on the
same number of sequences (n = 36,560) for AMD and soil
samples (Table S4). The diversity indices varied among the
respective AMD samples at each site, but the microbial com-
munities of the soil samples were clearly more diverse than
those of the AMD samples, especially in terms of community
evenness (Fig. 3a and b, Simpson reciprocal). Lower diversity
of AMD samples comparedwith soil samples might reflect the
extreme environmental conditions of AMD (approximately
pH 3.5; organic carbon concentration < 10 ppm). In the
PCoA scatter plots, the AMD and soil samples were separated
from each other, but all plots of soil sample communities at the
three different sites were located close together (Fig. 3c). By

contrast, the microbial community structures of AMD sam-
ples were suggested to differ from one another (Fig. 3c).

The dominant members of the microbial communities of
the respective AMD and soil samples at the OTU level were
compared. The 10most dominant OTUs are shown in Fig. 3d.
Although the respective AMD samples were obtained from
different sites and locations, the autotrophic iron-oxidizing
genus Gallionella highly dominated, accounting for 14.2%
of the total population in AMD samples at site A, 88.3% at
site B, and 30.6% at site C. By contrast, in AMD2 samples at
site A, Herminiimonas spp., belonging to the family
Oxalobacteraceae, accounted for approximately 34.3% of
the total.

To investigate whether the dominant SRB in the JOGMEC
process, Desulfosporosinus sp., was derived from AMD or
soil harvested around the respective mine sites, the relative
abundances of the genus in both samples were analyzed
(Table 2). Except for the AMD2 sample from site B, OTU
10 and OTU 17, both of which were re la ted to
Desulfosporosinus spp., were detected in most AMD samples
(relative abundance 0.0025–0.0069%). The Blast analysis

Fig. 3 Diversity of microbial communities in acid mine drainage (AMD)
water and soils at three different mine sites. The α-diversity indices were
calculated based on Illumina sequencing data of 16S rRNA genes (nine
samples) from respective AMD and soil samples. Each diversity index,
Chao1 (a) and Simpson reciprocal (b), was calculated based on an equiv-
alent number of sequences (n = 36,560) subsampled from the original
libraries. A PCoA scatter plot of 16S rRNA sequences (c) based on the

weighted UniFrac distances was obtained by Illumina sequencing of the
nine samples. In the graph of the 10 most predominant OTUs of respec-
tive AMD and soil samples (d), phylogenetic information (with sequence
identities) of the closest related species are shown to the right. Mean
values of three replicates were used in panels a, b, and d, while the
respective three values were plotted in panel c. Bars indicate standard
deviation of the replicates in panels a and b.
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revealed that OTU 10 and OTU 17 shared 100% identity with
Desulfosporosinus fructosivorans strain 63.6F and
Desulfosporosinus sp. strain 063, respectively.

Discussion

Microbial communities in the five sulfate-reducing passive
bioreactors operated at three different mine sites were investi-
gated using Illumina sequencing. The classes Clostridia and
Bacteroidia were found to highly dominate most of the mi-
crobial communities. Previously, we reported that the phylum
Firmicutes and Bacteroidetes, in which Clostridia and
Bacteroidia affiliated, respectively, accumulated in lower
parts of the bioreactor during stable operation of the
JOGMEC process when treating both neutral and acidic
AMD. Because they are capable of degrading complex organ-
ic matters, e.g., rice bran, their predomination might lead to
the metabolic activation of SRBs by providing low-molecular-
weight organic substances and to resultant stable reactor per-
formance conditions (Aoyagi et al. 2017). In this study, rela-
tively stable bioreactor operations were observed at respective
sampling times, except for site A in April. Therefore, the mi-
crobial community data may reflect the satisfactory perfor-
mances of the respective bioreactors.

As for SRB communities, even though SRBs are usually
not a major component of the total population in the AMD
bioreactors (approximately < 2% of the total) (Baldwin et al.
2016), accumulation of 10 to 30% SRBs was observed in
some samples in this study (e.g., Fig. 2c, sample B1-Jun-1).
Baldwin et al. (2016) reported that SRBs in bioreactors with a
local pulp mill for AMD remediation were classified into the
o rde r s Desu l f obac t e ra l e s , Desu l f ov ib r iona l e s ,
Desulfarculales, and Desulfuromonadales, all of which be-
long to the class Deltaproteobacteria. However, in the
JOGMEC process at the three mine sites under different con-
ditions, the genera Desulfosporosinus, Clostridium, and
Ruminococcus, which belong to the class Clostridia, were

commonly found to be highly dominant. Although
Desulfosporosinus spp. were detected in some anaerobic bio-
reactors treating AMD (Sánchez-Andrea et al. 2014), this is
the first report on sulfate-reducing passive bioreactors highly
accumulated by the genus.

Desulfosporosinus spp. form spores, enabling survival for
months under low pH, dryness, and oxic conditions (Widdel
1992; Kimura et al. 2006), and are considered to be important
players in sulfate reduction in acidic mine wastes (Mardanov
et al. 2016). Several studies have detected Desulfosporosinus
in acidic mine environments, and notably, Desulfosporosinus
was the only phylotype with the known capability to reduce
sulfate in the oxidized mine waste materials at the Berikul site
(Karnachuk et al. 2009). Among the four complete and four
draft genomes of Desulfosporosinus reported so far (Abicht
et al. 2011; Pester et al. 2012; Abu et al. 2015; Petzsch et al.
2015), onlyDesulfosporosinus sp. strain I2 has been analyzed
with respect to its metabolism and biological properties in
detail based on the genome information (Mardanov et al.
2016). Although sulfate reduction was thought to occur under
anoxic conditions, this acidophilic and copper-tolerant
Desulfosporosinus strain was isolated from oxidized layers
of gold mine tailings, and multiple oxygen detoxification sys-
tems were identified in its genome, such as superoxide dis-
mutase and catalase genes that are typically found in aerobic
bacteria (Mardanov et al. 2016). Interestingly, the genes
encoding components of cytochrome c oxidase, a key system
for aerobic respi ra t ion , were a l so found in the
Desulfosporosinus genome. In the JOGMEC processes oper-
ated at the three mine sites, especially the two pilot-scale pas-
sive bioreactors at sites A and B, oxygen can be contaminated
in the upper part of the reactors because the processes have no
rigid lids, as necessitated for their easier handling at the re-
spective sites. One possible reason for the dominance of the
genus Desulfosporosinus involves such unique properties of
sulfate reduction that may occur beyond strictly anaerobic
conditions. In addition, in the JOGMEC processes using rice
bran as a substrate, various metabolites can be produced from

Table 2 Relative abundances of the genus Desulfosporosinus in acid mine drainage water and soil samples

Taxonomya Identity
(%)

GenBank
accession

Site Ab Site Bb Site Cb

AMD1
(%)

AMD2
(%)

Soil AMD1
(%)

AMD2 Soil
(%)

AMD1
(%)

AMD2
(%)

Soil

OTU
10c

Desulfosporosinus
fructosivorans

100 NR_156976.1 0.0037 0.0054 ND 0.0093 ND ND 0.0045 0.0048 ND

OTU
17

Desulfosporosinus sp. 063 100 GQ214051.1 0.0069 ND ND 0.0025 ND 0.0052 0.0036 0.0048 ND

a Taxonomywas assigned using the Blast analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with the nucleotide database consisting of GenBank, EMBL,
DDBJ, PDB, and RefSeq sequences
bMean values of three replicates were used; ND indicates not detected
c OTU 10 was assigned to Desulfosporosinus meridiei using QIIME software with the Greengenes database
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rice bran degradation within the bioreactors. Hence, another
possible reason for the dominance of the genus
Desulfosporosinus involves its metabolically versatile life-
style, as the genus can use a wide variety of substrates as
electron donors for sulfate reduction (Mardanov et al. 2016).
Recently, other group has also reported that although abun-
dance was low, Desulfosporosinus spp. were detected in var-
ious semi-passive bioreactors (Rezadehbashi and Baldwin
2018). Furthermore, Desulfosporosinus spp. have been dem-
onstrated to contribute to sulfate reduction at high rates even
though their relative abundance was quite low (0.006%)
(Pester et al. 2010). Considering their high abundances in
the bioreactors presented here , contr ibut ions of
Desulfosporosinus to sulfate reduction in the JOGMEC pro-
cess would also be vital.

In this study, microbial communities in AMD and soil sam-
ples at each test site were also investigated. The dominant
OTUs include metal-oxidizing bacteria such as Gallionella
sp. and Herminiimonas sp. (Fig. 3d), which are well-known
iron oxidizer and arsenite oxidizer, respectively (Volant et al.
2014; Koh et al. 2017). While investigation of the relative
abundances of the Desulfosporosinus-related OTUs in both
AMD and soil samples demonstrated that Desulfosporosinus
was present in most of AMD samples (Table 2). Actually,
several members of Desulfosporosinus have been detected in
low pH, metal-rich environments (Sánchez-Andrea et al.
2011, 2014; Rezadehbashi and Baldwin 2018), supporting
our findings. By contrast, the genus Desulfosporosinus could
not be detected in most soil samples at our sequencing depth,
possibly due to the more diverse microbiota in soils compared
with AMD water. However, Desulfosporosinus sp. seems ex-
ist in soil samples also, as it was found in the soil sample at site
B (Table 2). Altogether, we could not conclude whether the
Desulfosporosinus spp. in the bioreactors were mainly derived
from AMD or soil samples. However, the results may indicate
that the sulfate-reducing bioreactor with rice bran as substrate
is a versatile and widely applicable process for AMD treat-
ment even without any inoculum, because the AMD samples
analyzed in this study contained Desulfosporosinus spp. sur-
viving under low pH and oxic conditions, which is the key
SRB of the process during AMD treatment. Detection of the
genus in the bioreactor can be indicative of stable operation of
the process.

In conclusion, pilot- and laboratory-scale sulfate-reducing
bioreactors with rice bran as substrate were operated at three
different mine sites with various reactor sizes and under dif-
ferent conditions, and the high dominance of the genus
Desulfosporosinus indicates that Desulfosporosinus spp. is
key SRBs in the bioreactors during AMD treatment (< 160-
day operation). This is likely because the genus has such
properties as acid tolerance, oxygen resistance, and versatile
metabolism. In addition, Desulfosporosinus spp. were also
detected in most AMD samples, suggesting that an SRB

inoculum may not be necessary if the type of AMD water
used in this study flows into the bioreactor. Periodic fine-
scale investigations of the SRB community structure during
longer-term operations (> 160 days) will be necessary to re-
veal the changes in the types and roles of key SRBs in the
JOGMEC process.
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