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One sentence summary: Microbial ecology of iron-rich sediments at an abandoned circumneutral coal mine drainage site in the South Wales Coalfield.
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ABSTRACT

Waters draining from flooded and abandoned coal mines in the South Wales Coalfield (SWC) are substantial sources of
pollution to the environment characterized by circumneutral pH and elevated dissolved iron concentrations (>1 mg L™).
The discharged Fe precipitates to form Fe(IIl) (oxyhydr)oxides which sustain microbial communities. However, while several
studies have investigated the geochemistry of mine drainage in the SWC, less is known about the microbial ecology of the
sites presenting a gap in our understanding of biogeochemical cycling and pollutant turnover. This study investigated the
biogeochemistry of the Ynysarwed mine adit in the SWC. Samples were collected from nine locations within sediment at
the mine entrance from the upper and lower layers three times over one year for geochemical and bacterial 16S rRNA gene
sequence analysis. During winter, members of the Betaproteobacteria bloomed in relative abundance (>40%) including the
microaerophilic Fe(II)-oxidizing genus Gallionella. A concomitant decrease in Chlorobi-associated bacteria occurred, although
by summer the community composition resembled that observed in the previous autumn. Here, we provide the first
insights into the microbial ecology and seasonal dynamics of bacterial communities of Fe(IIl)-rich deposits in the SWC and
demonstrate that neutrophilic Fe(Il)-oxidizing bacteria are important and dynamic members of these communities.

Keywords: neutrophilic Fe(II) oxidation; Fe(Il)-oxidizing bacteria; coal mine drainage; ochreous sediments; spatiotemporal
dynamics; mine drainage microbial ecology
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INTRODUCTION

Iron is an abundant redox-active element that accounts for
around 5% of the earth’s crust (Faure 1998). The two main redox
states in the environment are Fe(Il) (ferrous iron) and Fe(III) (fer-
riciron) which play a crucial role in many environmental biogeo-
chemical cycles including nitrogen, sulfur and carbon (Melton
et al. 2014). There are numerous biotic and abiotic reactions
in the Fe biogeochemical cycle that involve the oxidation of
Fe(II) to Fe(Ill) to form Fe(IIl) (oxyhydr)oxide precipitates and the
reduction of Fe(Ill) to Fe(II) (Melton et al. 2014). At circumneu-
tral pH, Fe(ll) is rapidly oxidized to Fe(Ill) by O, (Stumm and
Morgan 1993) though this abiotic oxidation decreases substan-
tially with decreasing O, concentrations, pH and temperature
(Neubauer, Emerson and Megonigal 2002; Hedrich, Schlomann
and Barrie Johnson 2011; Emerson et al. 2015). In the presence
of reduced sulfur species such as H,S, Fe(Ill) (oxyhydr)oxides are
abiotically reduced (Canfield 1989; Yao and Millero 1996). Micro-
bially mediated Fe(IlI) reduction involves reduction of Fe(Ill) by
microorganisms that can use either H, or organic carbon as
an electron donor (Lovley and Phillips 1988; Lovley 1997). At
circumneutral pH, microorganisms capable of Fe(Il) oxidation
can be divided into three physiological groups: (i) anoxygenic
nitrate-reducing, (Kappler, Schink and Newman 2005; Laufer
et al. 2016c¢), (ii) anoxygenic phototrophic (Widdel et al. 1993) and
(iii) microaerophilic (Emerson and Moyer 1997), the activities of
which lead to the production of a variety of biogenic Fe(III) min-
erals (Bryce et al. 2018).

The occurrence of Fe(lll) (oxyhydr)oxide minerals is
widespread in many environments, at both acidic and cir-
cumneutral pH, which allows for the development of complex
microbial communities with a range of metabolic activities that
are capable of cycling Fe (Peine et al. 2000; Duckworth et al. 2009;
Wang et al. 2009; Coby et al. 2011; Roden et al. 2012). More recent
studies have focused on the temporal changes in microbial
communities in Fe(lll)-rich environments (Fabisch et al. 2013,
2016; Fleming et al. 2014). In environments where Fe cycling
occurs, a vertically stratified microbial community may develop
due to the formation of redox gradients (Duckworth et al.
2009). A theoretical framework for the distribution of Fe-cycling
microbes based on the prevailing environmental conditions,
thermodynamic and kinetic parameters, and the formation of
geochemical niches has been proposed (Schmidt, Behrens and
Kappler 2010). However, the distribution of Fe-cycling microbes
can also be decoupled from geochemical gradients due to biotur-
bation, metabolic flexibility, the occurrence of microniches and
habitats, or interrelationships with other microbial community
members (Laufer et al. 2016b; Otte et al. 2018).

The temporal dynamics of Fe cycling affects the occurrence,
abundance and persistence of reactive Fe(Ill) oxides in sedi-
ments (Roden 2012). This, in turn, affects the fate of other con-
taminants and metals, as Fe(Ill) (oxyhydr)oxide surfaces are
known for their strong sorption capacity (Gadd 2004; Borch et al.
2010) and can affect the speciation and mobility of toxic con-
taminants (Vaughan and Lloyd 2011). Metals and contaminants
associated with Fe(III) (oxyhydr)oxides (either incorporated into
the structure or adsorbed to the surface) can be released during
microbial reduction (Smedley and Kinniburgh 2002; Lloyd 2003;
Rhine et al. 2005). Arsenic is a problematic metalloid in many
lakes, rivers and aquifers and is detrimental to human health
(Brammer and Ravenscroft 2009; Smedley and Kinniburgh
2013; Muehe and Kappler 2014). The role of Fe cycling in As
mobilization has been a major focus of several studies and
the activities of several bacteria have been shown to release

As into the environment via Fe(Ill) mineral reductive mecha-
nisms (Cummings et al. 1999; Islam et al. 2004). Conversely, Fe(II)-
oxidizing bacteria can have a positive impact on the seques-
tration and removal of As from solution through the produc-
tion of biogenic Fe(lll) minerals. Numerous field and labora-
tory studies have shown the ability of Fe(lll) (oxyhydr)oxides
to act as sorbents for As (e.g. Dixit and Hering 2003; Hohmann
et al. 2010; Keim 2011), especially in circumneutral environments
(Sowers et al. 2017). Therefore, identifying Fe-cycling microbial
communities present in contaminated environments, such as
abandoned mines, is imperative. Furthermore, understanding
the temporal changes in microbial communities associated with
Fe(Ill)-rich environments is critical and has wider implications
on contaminant dynamics.

The South Wales Coalfield (SWC), UK, has a long history
of mining activity, mainly for the high-grade anthracitic coal.
However, some of the worked coal seams contain elevated con-
centrations of pyrite and arsenopyrite (2-4% pyritic S) (Evans,
Watkins and Banwart 2006), and consequently the discharge
from many of the abandoned mines is contaminated with Fe
and, occasionally, As (Sapsford et al. 2015). The pH of these mine
waters is typically circumneutral due to the buffering capac-
ity of the underlying geology and, as such, Fe(Ill)-rich ochre-
ous deposits are widespread within the SWC. In recent years,
there have been several studies investigating the geochem-
istry of these mines (Lewis, Leighfield and Cox 2000; Robins,
Davies and Dumpleton 2008; Farr et al. 2016). With the excep-
tion of a cultivation-based study investigating moderate aci-
dophiles in which isolates closely related to the thiosulfate-
oxidizing Thiomas thermosulfata were enriched (Hallberg and
Johnson 2003), the microbial communities of these ochreous
deposits have not been investigated. Furthermore, the impacts
of these communities on the fate of contaminants and the sea-
sonal dynamics of microbial communities at these sites remain
poorly understood.

Therefore, the aims of this study were to investigate the
changes in the bacterial community structure according to spa-
tial, temporal and environmental factors within an Fe(Ill)-rich
deposit at an abandoned coal mine, Ynysarwed, in the SWC.
This site is of particular interest due to the initial acidic and pol-
luted discharge outburst (pH 3.2; 200-400 mg Fe L) following a
rebound in the water table in 1993 which resulted in the pollu-
tion of the local hydrological system (Younger 1997), and also the
occurrence of the Fe(II)/Fe(III) (oxyhydr)oxide green rust found in
the ochreous deposits (Bearcock et al. 2007). A high-resolution
sampling strategy was employed for geochemical and bacte-
rial 16S rRNA gene sequence analysis. Samples were collected
from nine locations within the ochreous deposit from both the
upper and lower layers of sediment. Our results show that bac-
terial communities within the Fe(Ill)-rich deposit are dynamic
and vary both spatially and temporally with several operational
taxonomic units (OTUs) closely related to known Fe-cycling bac-
teria; their activity and potential influence on biogeochemical
cycling and pollutant sequestration are discussed.

METHODS
Field site

The SWC is an elongate, synformal structure of Carboniferous
Coal Measures ~35 km north-south and ~80 km east-west
covering an area of ~2690 km? (Bearcock et al. 2007; Farr et al.
2016) (Fig. 1). The geology of the region consists of faulted
mudstones, sandstones, siltstones and coals of the Lower, Mid-
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Figure 2. Schematic of high-resolution sampling strategy within the Fe-rich deposit at the Ynysarwed mine adit in the SWC, UK.

dle, and Upper Coal Measures deposited during the Westphalian
Stage (Evans, Watkins and Banwart 2006). This is underlain
by the Namurian age Marros Group, previously known as the
Millstone Grit Series (Waters et al. 2009), and the Carboniferous
Limestone Beds. Many coal seams in this area were deposited
under marine conditions (Davies, Guion and Gutteridge 2012)
and consequently have high pyrite content of around 2-4%
(Evans, Watkins and Banwart 2006).

The Ynysarwed mine adit (51°42'05.9°N, 3°43'33.1'W) (Fig. 1) is
situated in the Lower Neath Valley and during operation mainly
worked the notoriously pyritic Rhondda No. 2 coal seam of the
Upper Coal Measures. Although the mine water pH is ~6, the
total dissolved Fe concentrations are greater than the Water
Framework Directive guideline value (<1 mg L™!) and elevated
concentrations of total As in the water (up to 30 pg L) have
been measured at the mine.

Samples were collected for geochemical and molecular bio-
logical analysis in autumn (October 2011), winter (February 2012)
and summer (July 2012). Nine locations (30-40 cm between loca-
tions) within the Fe(lll)-rich deposit (total depth ~40 cm) were
selected with samples collected from the upper (~5 cm) and
lower (~30 cm) layers of sediment from these locations (Fig. 2).

Geochemical analysis

Several physico-chemical parameters were measured in the field
using unfiltered water including pH, Eh, conductivity and tem-
perature. pH and Eh were measured using a calibrated HANNA
HI 9025 microcomputer; for pH determination a calibrated VWR
probe was used (pH meter accuracy +0.01 pH units), and for Eh
a Pt wire combination sensor was used (Eh meter accuracy +1
mV). Temperature and conductivity were measured using a cali-
brated HANNA HI 98 312 Tester (conductivity range 0-20 mS/cm
+ 2% of measured value).

Mine water samples collected from the entrance of the
adit were filtered immediately in the field through a 0.22 ym
cellulose nitrate membrane filter (Whatman, Maidstone, UK)
and were either acidified (pH <2) for cation analysis or left
nonacidified for anion analysis. Samples were transported in
a cool box to the laboratory (<6 hours) where they were then
stored at 4°C until analysis. Analysis of cations in solution

was conducted on duplicate samples either on a Perkin Elmer
AAnalyst 400 (PerkinElmer Inc., Waltham, MA, USA) atomic
absorption spectrophotometer instrument or on an Agilent
7700x ICP-MS (Agilent, Santa Clara, CA, USA) using tellurium
or ruthenium as the internal standard. Analysis of anions
was conducted on duplicate samples on a Dionex DX 100 ion
chromatograph (Thermo Scientific, Sunnyvale, CA, USA) with
an IonPac AS4A-SC analytical column and was analyzed within
one week of sample collection.

Sediment samples for geochemical analysis were collected
using a clean, sterilized plastic scoop into sterile 50 mL Fal-
con tubes (Thermo Fisher Scientific Inc., UK). Each tube was
filled quickly leaving no headspace to avoid changes in the sed-
iment chemistry and was transported in a cool box back to the
laboratory and stored at 4°C until analysis. Samples were sub-
jected to centrifugation to remove excess water before being air-
dried, sieved <150 um and sent to the British Geological Survey
(BGS), Keyworth, UK, for analysis of a suite of elements by ICP-
MS (Agilent 7500cx quadrupole). A 0.25 g subsample of material
was digested in perfluoroalkoxy (PFA) beakers with a mixture
of concentrated hydrofluoric (47-51%), perchloric (46-49%) and
nitric acid (67-69%) to a final volume of 25 mL and diluted 40-
fold prior to analysis. The final concentration of the nitric acid
following dilution was 5%, with trace amounts of hydrofluoric
and perchloric acids. An internal standard solution containing
scandium, germanium, rhodium, indium, technetium and irid-
ium was added to the samples and instrument calibration stan-
dards. The standard reference material BGS-102 (BGS, Ironstone
soil, UK) was used as the certified reference material (Wragg
20009).

The Fe(ll) weight % in the sediment was measured using
a modification of Wilson’s (1955) classical titration method as
described in Bearcock et al. (2007). Porewater was extracted from
the sediment by centrifugation (5000 x g for 10 minutes) and sub-
sequently filtered (<0.2 um; Whatman cellulose nitrate mem-
brane). The dissolved Fe(ll) content of the pore water was deter-
mined using the Ferrozine assay according to Stookey (1970) and
measured on a Perkin Elmer UV-Vis spectrophotometer at 562
nm. The pH and weight % of organic matter (OM) in the sedi-
ment was determined by analysis at the BGS. Briefly, soil pH was
determined by mixing a 5 g subsample of sieved sediment with
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a freshly prepared 0.1 M CaCl, solution at a ratio of 1:2.5 (w/v).
The slurry was stirred for 5 minutes and allowed to settle for at
least 15 minutes before the pH measurement was determined
using a calibrated pH meter. To determine the weight percent-
age of OM, the method of loss on ignition (LOI) was used. A 1
g subsample of sediment was weighed into a crucible (that had
previously been weighed) and oven dried at 105°C for at least 4
hours. After cooling in a desiccator, the crucible and sediment
were weighed again before being heated in a furnace at 450°C
for atleast 4 hours. Once cooled, the crucible and sediment were
weighed again and the weight percentage of OM in the sediment
was calculated.

Mineralogical analysis

To determine the mineralogy of the ochreous sediment—
specifically the Fe minerals present—samples were analyzed by
X-ray diffraction (XRD) and environmental scanning electron
microscopy (ESEM). For ESEM, samples do not have to be dried
and this method was selected to avoid any artificial changes
that may occur within the sample during the drying process.
For XRD analysis, an air dried sample of the sediment was gen-
tly disaggregated in an agate pestle and mortar and the pow-
der was loaded onto a poly(methyl methacrylate) sample holder.
The sample was analyzed using a Bruker D8 Advance X-ray
diffractometer (Bruker AXS Inc., Madison, W1, USA) with a Van-
tec Super Speed detector and Cu Ke radiation (1.542A). The sys-
tem was set up with a step size of 0.007° 26 and the scan speed
was 0.01 seconds per step. The results were analyzed using the
Diffrac.EVA software (Bruker AXS Inc., Madison, WI, USA). Anal-
ysis of samples by ESEM took place at the School of Earth and
Environmental Sciences at the University of Manchester, UK,
using a Philips XL30 ESEM-FEG (Philips, Eindhoven, Netherlands)
instrument. Slurried samples were mounted onto 12.7 mm (0.5
inch) aluminium stubs using double-sided adhesive tape in an
anoxic chamber (100% N) to avoid oxidation of the sample dur-
ing preparation. Samples were transported within an airtight,
oxygen-free container before being loaded into the instrument.
Samples were analyzed at pressures between 0.5 and 0.6 torr
using an accelerating voltage of 20 kV.

Microbiological sampling

Sediment samples for microbiological analysis were collected
using a clean plastic scoop. A sterile spatula was used to trans-
fer an aliquot of the scooped sample into a sterile 50 mL Fal-
con tube. The tubes were filled to avoid headspace and thus the
introduction of oxygen into the sample and stored in the dark at
~4°C while being transported back to the laboratory and stored
at —20°C prior to DNA extraction.

High-throughput semiconductor amplicon sequencing
of partial 16S rRNA genes

Community DNA was extracted using the PowerSoil DNA extrac-
tion kit (MO BIO Laboratories Inc., CA, USA) according to the
manufacturer’s instructions. Samples—a total of 54-were then
amplified by polymerase chain reaction (PCR) for semiconduc-
tor sequencing using the 27F (5-AGAGTTTGATCMTGGCTCAG)
(Lane 1991) and 357R (5'-CTGCTGCCTYCCGTA) (Klindworth et al.
2013) bacterial primer combination spanning the V1-V2 hyper-
variable region of the 16S rRNA gene. Sequencing adapters and
barcodes (Whiteley et al. 2012) were incorporated into the for-
ward and reverse primers. Amplicons were cleaned using the
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AmPure® XP PCR purification kit (Beckman-Coulter, MA, USA).
DNA concentrations were measured using a NanoDrop ND-
1000 UV-visible spectrophotometer and samples were normal-
ized before pooling. The quality of the cleaned amplicons was
tested by running the samples through an E-Gel®) SizeSelect 2%
Agarose gel on the E-Gel System (Life Technologies Ltd, Pais-
ley, UK) and DNA fragments smaller than 400 bp were removed.
The DNA was quantified on an Agilent 2100 Bioanalyzer with a
high sensitivity DNA chip (Agilent Technologies UK Ltd, Stock-
port, UK) and diluted to 26 pmol L~ in preparation for emulsion
PCR. Emulsion PCR was conducted using the Ion PGM Template
OT2 Reagents 400 kit 2.0 according to the manufacturer’s guide-
lines on an Ion One Touch 2 System and was set up as per the
manufacturer’s guidelines (Life Technologies). Finally, the emul-
sion PCR amplified solution was loaded onto an Ion 316 Chip
and run on the Ion Torrent PGM sequencer (Life Technologies)
at the Institute of Biological, Environmental and Rural Sciences,
Aberystwyth University, UK. The data were subjected to quality
filtering (Ion Torrent default quality score setting <15 over a win-
dow size of 30 nt) before the data were exported as FASTQ files.

Sequences were analyzed using QIIME v.1.7.0 (Caporaso et
al. 2010Db). Briefly, the demultiplexed FASTQ files were labeled
and filtered to remove any sequences smaller than 300 bp. The
samples were then clustered into operational taxonomic units
(OTUs) (default settings of 0.97 sequence similarity) using the
UCLUST algorithm (Edgar 2010). A representative OTU was iden-
tified using the Greengenes database v.13_8 (DeSantis et al. 2006)
using the Ribosomal Database Project (RDP) classifier algorithm
(Cole et al. 2009) at 97% sequence similarity. The sequences were
aligned against the Greengenes reference core imputed align-
ment (available from Greengenes website) using the PyNAST
alignment method (Caporaso et al. 2010a). Following this, the
data were checked for chimeric sequences using ChimeraSlayer
(Haas et al. 2011) available in QIIME before they were removed
via filtering. To visualize the data OTU tables were constructed
and different filtering techniques (e.g. removal of singletons and
sequences that accounted for <0.1% of the total microbial com-
munity) were used. In total, over 2 million reads were generated
for the 54 samples. A read count heatmap generated in QIIME
was exported to MS Excel to produce graphical plots. Raw data
have been deposited at the sequence read archive (SRA) under
project number PRJNA521102.

Statistical analyses

Environmental and microbiological data were exported into
PRIMER software (version 6.1.12; Primer-E, Ivybridge, UK) with
the PERMANOVA+ (version 1.0.2) add-on for statistical analysis.
Environmental data were normalized and a Euclidean distance
matrix constructed. For microbiological samples, data from the
read count heatmap produced in QIIME was exported to MS
Excel and the relative abundance of the OTUs as a percentage of
the total bacterial community calculated. A Bray-Curtis resem-
blance matrix was constructed using fourth root transformed
relative abundance data. PERMANOVA (Anderson 2001; Ander-
son and Willis 2003) was conducted using default settings with
9999 permutations for single factor analysis and reduced permu-
tations for multifactor analysis while canonical analysis of prin-
cipal coordinates (CAP) in PERMANOVA+ was conducted using
default settings. Alpha diversity metrics including Chaol (Chao
1984), Gini Index (Wittebolle et al. 2009), Good’s Coverage (Good
1953), Observed Species (Kuczynski et al. 2011) and the Shannon
Index (Shannon 1948) were calculated using the QIIME workflow
scripts.
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Table 1. General overview of geochemical parameters at the Ynysarwed mine site for the mine water, sediment and sediment porewater.
Samples were collected in autumn (October 2011), winter (February 2012) and summer (July 2012). Sediment and porewater data show mean
values for 18 samples collected at each timepoint. Bdl: below detection limit.

Parameter Sample type Mean (min—max)

Autumn Winter Summer
pH Mine Water 6.2 6.1 6.3
Temperature (°C) 13.8 12.3 15.6
Eh (mV) 8.6 14.2 375
Conductivity (1S cm™1) 1212 1131 1173
Fetotal (mg 1.-1) 645+ 1.9 55.3+ 1.7 471414
Ca (mgL-Y) 148 £ 1.9 140 + 1.8 154 £ 2.0
Mg (mg L) 73.7 £2.5 724425 70 + 2.4
Na (mgL-1) 745 £ 2.6 72425 775 +£2.7
K (mgL1) 19.8 + 0.6 16.4 + 0.5 21.2+0.6
Asttl (ug L-1) 19.5 £ 0.3 273404 29.7 £ 0.4
S042~ (mg L) 352+7.7 931 4+ 20.5 844 + 18.6
NO;~ (mgL~?) bdl bdl bdl
HCO5;~ (mgL~1) 248 £ 6.1 40+0.1 109 + 2.27
pH 5.3 (5.2-5.4) 6.3 (6.2-6.4) 6.3 (6.1-6.4)
Fe (%) in sediment 42.5 (38.4-48.1) 57.4 (48.7-63.7) 56.6 (52.7-61.1)

1868 (1410-2252)
512 (211-2110)

As in sediment (mg kg?) Sediment

Ca in sediment (mgkg™?)

Organic matter (%) 16.2 (
Fe(Il) in porewater (mg L) Pore Water 33.3(

1228 (937-1356)
2722 (1433-5092)
11.1 (9.9-12.5)
39.3 (13.2-49.5)

1230 (872-1439)
2195 (1361-3337)
6.5 (5.8-9.9)
22.9 (<1-60.1)

12.5-34.3)
19.9-47.1)

Distance-based linear modeling was used to investigate the
relationship between changes in bacterial community compo-
sition and environmental variable predictors using the PRIMER
software. Environmental parameters included sediment diges-
tion data, OM content, pH and Fe(Il) porewater data.

PHREEQC geochemical modeling

PHREEQC v2.18 (Parkhurst and Appelo 1999) geochemical mod-
eling software and the WATEQ4F database (Ball and Nordstrom
1991) were used to test the analytical quality and completeness
of the geochemical data set (electrical balance variation <0.1%).
The saturation index of various minerals and the speciation of
contaminants of interest were also determined.

RESULTS
Geochemical analysis

Generally, the pH of the water flowing above the sediment
remained circumneutral throughout the sampling period (pH
~6.2) (Table 1). For all sampling seasons the concentration of
total Fe in the mine water remained consistently elevated (>47 +
1.4 mg L) and was greatest in autumn while the concentration
of total As was greater in summer at 29.7 + 0.4 pug L=! (Table 1).
PHREEQC analysis showed that up to 99% of the total As and
>99% of the total Fe were present in the their reduced forms.
Iron was the major component in the sediment (up to 64%)
with the lowest values seen in autumn and the highest in win-
ter and summer (Table 1; Table S1, Supporting Information).
The same was also true for the pH of the sediment (Table 1).
Conversely, while the As in sediment was elevated throughout
(>1200 mg kg~?) it was highest in autumn and lowest in win-
ter and summer (Table 1). The OM weight % of the sediment
varied seasonally with the greatest OM content observed during
autumn (mean of 16%; Table 1) before decreasing slightly in win-
ter and again in summer (mean of 7%). The greatest percentage

of OM was observed during autumn at location 4 in the upper
sediments, along the left side of the deposit (Fig. 2), and was
present at double the concentration of the surrounding sam-
ples at 34% (Table S1, Supporting Information). Similar to the
OM results, Fe(I) concentrations in porewater were also typi-
cally higher in autumn and winter (Table 1) and had decreased
by the summer apart from a localized area in the center of the
deposit (mean Fe(Il) concentration 52.5 mg L~! for locations 4, 5,
6 and 8 in the lower sediments). Generally, for all months sam-
ples at the front of the sampling grid (i.e. locations 1-3) and in
the upper sediments had lower Fe(ll) porewater concentrations
(Fig. 2; Table S1, Supporting Information).

Mineralogical analysis

Identification of the sediment by XRD showed the occurrence
of the Fe(lll) (oxyhydr)oxide mineral goethite («-FeOOH) at the
mine site and this was true for all sediment samples collected
between autumn and summer (Figure S1, Supporting Informa-
tion). ESEM images show poorly crystalline Fe minerals and
twisted Gallionella-like stalks (e.g. Ionescu et al. 2015; Fabisch
et al. 2016) as well as hollow structures reminiscent of biogenic
Fe(IlI) mineral morphotypes formed by other Fe(Il)-oxidizing
bacteria (e.g. Fleming et al. 2011, 2014; Chan et al. 2016) (Fig. 3).

16S rRNA gene sequencing profiles

The results for the 16S rRNA gene sequencing of 54 samples from
nine locations in the upper and lower deposit from the months
of autumn, winter and summer are shown in Fig. 4. Results are
discussed in relative bacterial 16S rRNA sequence abundance of
OTUs as a proportion of the total number of reads per sample.

Phylogenetic diversity

Samples were analyzed for within-sample diversity (alpha) and
between-sample diversity (beta) at OTU level (Table 2). A calcu-
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Figure 3. Electron microscopy micrographs of natural precipitates at the Ynysarwed mine adit showing poorly crystalline Fe minerals by (A) SEM, (B) ESEM (high
vacuum) and (C) ESEM (high vacuum) showing Fe minerals and twisted Gallionella-like stalks.
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Figure 4. Relative 16S rRNA gene sequence abundance of bacterial groups in samples collected from the Ynysarwed mine at locations 1 to 9 in the upper (5 cm depth)
and lower (30 cm depth) sediments in autumn (October 2011), winter (February 2012) and summer (July 2012). Bacterial groups were produced by clustering OTUs

together based on their lowest level classification following QIIME analysis.

Table 2. Summary results for alpha diversity metrics for all 54 sam-
ples collected from the Ynysarwed mine adit calculated using the
QIIME software package. (Note: Shannon values were converted from
the QIIME output as the software calculates the metric to log base 2
not the natural log. Therefore, all output values were multiplied by
0.69315.)

Alpha diversity

metric Mean Minimum Maximum Median
Chaol 93.3 80.2 98.3 94
Good’s Coverage 100 100 100 100
Observed Species 92.3 79 95 93
Gini Index 0.7 0.6 0.8 0.7
Shannon 3.3 2.8 3.7 33

lation of Good’s Coverage revealed that all samples had coverage
of 100. The mean Shannon-Weaver diversity index for all sam-
ples was 3.3 and further analysis of samples by month did not
deviate greatly from this value (range 3.2-3.3).

Taxonomic composition

At phylum level, the Proteobacteria were the most dominant and
accounted for 34% of the total bacterial community (mean value
for all 54 samples; Dataset S1, Supporting Information). The
majority of the remaining population was comprised of bacte-
ria affiliated with the Chlorobi (33%) and Bacteroidetes (21%) phyla.
Also present were lineages affiliated to the phyla Acidobacteria,
Actinobacteria and Nitrospirae, though at a much lower abundance
(Dataset S1, Supporting Information). Certain sequences repre-
sented lineages that were unidentifiable at phylum level and
accounted for 0.7 to 3.7% of the total community. At class level,
the Betaproteobacteria were the most dominant and represented

25% of total community on average. The Chlorobi were mainly
represented by BSV6, Ignavibacteria and OPB56. At genus level,
the Betaproteobacteria were mainly comprised of several OTUs
from the family Comamonadaceae including Paucibacter and Rhod-
oferax. Also, within the Betaproteobacteria were OTUs from the
order SBlal4 and the Fe(Il)-oxidizing genus Gallionella, while the
order Desulfuromonadales from the Deltaproteobacteria was repre-
sented entirely by the genus Geobacter which contains known
Fe(Ill)-reducing bacteria (Dataset S1, Supporting Information).

Variations in taxonomic composition according to
depth and location

Bacterial communities were sorted according to the sampling
depth and location regardless of the sampling month. At OTU
level, there was no significant difference between locations for
any month (P > 0.05; Fig. 5A); however, highly significant differ-
ences between sample depths were observed (P = 0.0002, 0.0001
and 0.0054, Pseudo-F = 15.54, 19.47 and 5.61 for autumn, winter
and summer, respectively). In the upper sediment, the dominant
phyla were Proteobacteria (40%), Chlorobi (27%) and Bacteroidetes
(23%) (Figure S2, Supporting Information). The same three phyla
were dominant in the lower sediments; however, the rela-
tive abundance of Proteobacteria decreased (27%), while Chlorobi
increased (40%) and Bacteroidetes remained consistent (20%).
Pairwise analysis for each of the three main phyla according to
depth showed significant differences (P < 0.05; Table S2, Sup-
porting Information). OTUs within the order SB1al4 were more
abundant in the upper sediments (ranging 1-40%) compared
to the lower sediments (ranging 0.6-27%). The same was also
true for OTUs from the genus Gallionella (Dataset S1, Support-
ing Information). OTUs classified as the Fe(Ill)-reducing bacteria-
containing genus Geothrix were evenly distributed (though atlow
abundance, ~1%).
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Figure 5. Bacterial community diversity according to (A) locations and (B) seasons based on Bray-Curtis distances of fourth root transformed abundance data.

Seasonal variations in taxonomic composition

Generally, the community compositions for autumn and sum-
mer were the most similar based on the relative abundance of
the most dominant phyla (Figure S3, Supporting Information).
Mean values for each month (upper and lower sediments com-
bined) showed that the abundance of OTUs from the phylum
Proteobacteria were similar in autumn and summer (28-29%),
which was also true for the Chlorobi (34-38%) (Figure S3, Sup-
porting Information). Samples collected during winter, however,
displayed a different composition and an increase in Proteobac-
teria (to 42%) and a concomitant decrease in Chlorobi (to 27%)
was observed. Pairwise analysis of Proteobacteria- and Chlorobi-
affiliated OTUs according to months showed significant (P < 0.05)
differences between autumn versus winter and winter versus
summetr, but not between autumn versus summer (Fig. 5B; Table
S2, Supporting Information). A similar clustering of samples was
observed when samples were analyzed with nonmetric dimen-
sional scaling (nMDS) at OTU level (Figure S4, Supporting Infor-
mation). Further investigation of the winter samples revealed
that the increase in Proteobacteria mainly occurred in the upper
sediments (56%) compared to the lower sediment (29%). One of
the greatest variations in the Proteobacteria occurred within the
Betaproteobacterial order SBlal4 which increased up to 40% in
certain samples during winter (Fig. 4), before decreasing again in
summer. The same was also true for Gallionella-affiliated OTUs.
The decrease in Chlorobi in winter was particularly apparent in
the order VC38 (Fig. 4) and the relationship between the rela-
tive abundance of the Chlorobi order VC38 and Betaproteobacteria
order SBlal4 appeared to be closely linked (Fig. 6).

Differences in community structure between neighboring
samples were also apparent (Fig. 4). However, at OTU level these
differences were not statistically significant during any month (P
> 0.3). In relation to the grid sampling strategy, a general pattern
was observed: between autumn and winter an increase in the
relative abundance of Proteobacteria-affiliated OTUs, especially
order SBla14, occurred within upper sediment samples collected
along the front and left side of the adit (locations 1-7; Fig. 2).
This substantial increase in order SBlal4 was also observed in
the lower sediments, though only in one sample at location 7.
An increase in the genus Geobacter was observed in upper sedi-
ment samples 1-7 during winter (Fig. 4), for example, the mean
relative abundance (n = 7) during winter was 5% compared to 3
and 1% in autumn and summer, respectively. This was also true
for the genus Gallionella, for example, at location 1 in the upper
sediments the relative abundance increased from 8% in autumn
to 18% in winter before decreasing to 4% in summer. Within the
lesser represented taxa seasonal variations were also evident

with a large increase in a single OTU affiliated to the species Var-
iovorax paradoxans (99% 16S rRNA gene identity). At location 4 in
the lower sediments during summer, the relative abundance of
this OTU was 26% while for the remaining samples it was <1%.

DISCUSSION
Impacts of historical mining on water quality

The occurrence of precipitated Fe(IIl) minerals at the Ynysarwed
mine site is indicative of the dissolution of pyrite that is present
in the worked coal seams within the mine (Evans, Watkins and
Banwart 2006). During aerobic working conditions, highly solu-
ble secondary minerals known as efflorescent salts (Nordstrom
and Alpers 1999) such as melanterite (FeSO4-7H,0), which has
been found in many mines in the SWC (Bevins 1994), likely
formed on the surface of the seams (Robins, Davies and Dumple-
ton 2008). Dissolution of these salts and further pyrite oxida-
tion caused either by microbially mediated processes (Quatrini
and Johnson 2018) or chemically by strong oxidants such as Fe3*
(Johnson and Hallberg 2003) result in Fe- and sulfate-rich mine
waters as shown in the water chemistry data. Furthermore, the
elevated total As concentrations may indicate the presence and
biodegradation of As-bearing ores such as arsenopyrite, while
the elevated Ca and Mg concentrations are due to the occurrence
of carbonate rocks, which is in agreement with the local geology.
The relationship between Fe minerals and contaminants is well
documented, e.g. Dzombak and Morel (1990) and several studies
have shown that Fe(Ill) (oxyhydr)oxides are capable of seques-
tering As from solution through absorption or coprecipitation at
circumneutral pH (e.g. Adra et al. 2013; Sowers et al. 2017) which
explains the elevated concentrations of total As in the sediment.

Bacterial taxa associated with iron cycling

Lineages affiliated with those known to contain Fe-cycling
microbes were found at comparatively high relative abun-
dances that changed seasonally. OTUs affiliated to known Fe(II)-
reducing bacteria genera include Geothrix, Geobacter and Rhod-
oferax. An OTU demonstrating 99% 16S rRNA gene identity to
Rhodoferax ferrireducens (Finneran, Johnsen and Lovley 2003), a
facultative anaerobe, was present in all samples. Geobacter spp.
are known Fe(IIl) reducers capable of coupling organic carbon
oxidation to Fe(Ill) reduction (Lovley 1997; Islam et al. 2004).
OTUs affiliated to the Geobacter genus demonstrated 96% 16S
rRNA gene identity across the sequenced region to Geobacter
psychrophilus (Nevin et al. 2005) and 98% 16S rRNA gene simi-
larity to clones of subsurface Geobacter communities stimulated
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Figure 6. A bloom of the Betaproteobacterial order SB1a14 and a concomitant decrease in Chlorobi order VC38 in the upper (5 cm) sediment layer during winter (February
2012). Samples were grouped according to month and depth and a mean abundance (n = 9) for both taxa was calculated. Numbers refer to the location of the sample.

by acetate addition to a uranium-contaminated aquifer (Elifantz
et al. 2010).

Lineages affiliated to those containing known Fe(II)-oxidizing
bacteria were also present in relatively high abundances in the
sediment. Microaerophilic Fe(ll) oxidizers, such as Gallionella
spp., exist at the redox boundary of opposing gradients of oxy-
gen and Fe(ll) (Emerson and Moyer 1997; Neubauer, Emerson
and Megonigal 2002; Lueder et al. 2018). Gallionella spp. grow
by using Fe(Il) as the electron donor and oxygen as the elec-
tron acceptor (Hallbeck and Pedersen 1991). They have also been
found to be surprisingly dominant under slightly acidic condi-
tions (pH ~4) (Fabisch et al. 2013). The sequences of the rep-
resentative OTUs identified as Gallionella spp. were verified by
BLAST to identify the OTUs at species level. The most abundant
Gallionella-related OTUs shared the greatest gene sequence iden-
tity with Gallionella capsiferriformans ES-2 (97-98% 16S rRNA gene
sequence identity) (Emerson et al. 2013) although OTUs present
at lower abundances (<1%) were not as similar (94-95%). The
occurrence of Fe(ll) oxidizers closely related to this species at
heavy metal contaminated sites has already been documented
(Fabisch et al. 2016). This may be explained by the presence
of heavy metal efflux pumps found in the genome as well as
genes for arsenic resistance (Emerson et al. 2013). The general
greater relative abundance of microaerophilic Gallionella-related
species in the upper sediments (5 cm depth) also suggests a ver-
tically stratified redox gradient within the ochreous deposits,
a phenomenon known to occur in Fe-cycling sediments
(Duckworth et al. 2009). The Betaproteobacterial order SBlal4,
which consisted of three OTUs, increased substantially during
winter in the upper sediments particularly at locations 1-7 at the

front and left side of the adit. Further analysis of the dominant
OTUs within this order showed 95-97% 16S rRNA gene similarity
to the Fe(Il)-oxidizing bacterium Sideroxydans lithotrophicus ES-1
(Emerson et al. 2013), and 99% 16S rRNA gene identity to clones
obtained from ‘iron snow’ particles present in an acidic lignite
mine lake (Reiche et al. 2011). While it is not possible to infer
in situ microbial function from partial 16S rRNA gene sequence
data, it can be hypothesized that the SBlal4-affiliated OTUs are
involved in Fe(Il) oxidation. However, further isolation and phys-
iological studies are required to determine this.

Ecological succession

This research shows clear evidence for ecological succession
between two of the most abundant taxa at the field site. A con-
comitant change in the bacterial community was observed in
members of the Chlorobi order VC38 and members of the Betapro-
teobacteria order SBlal4 throughout the course of one year.
Chlorobi VC38 OTUs dominated the communities in autumn;
however, by winter Betaproteobacteria SBla14 OTUs were the most
dominant. By summer, the community had returned to almost
the same community observed in autumn the previous year
demonstrating a cyclic transition between the two principal
community members. It can be hypothesized that the increase
in the S. lithotrophicus-related putative Fe(Il) oxidizer from the
order SBlal4 during winter, especially in the upper sediments
(up to 40%), is due to conditions favorable for microaerophilic
Fe(ll) oxidation. This is also evident in the increase in Gallionella
for the same month. However, the role of OTUs related to the
Chlorobi VC38 remains unknown. Further analysis of the OTUs
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revealed little more information (closest cultured relative <91%
similarity)—only that environmental clones with no hypothe-
sized function from an acid-impacted lake were closely related
(99% 16S rRNA gene similarity) (Percent et al. 2008). Members of
the Chlorobi are known for growth via anoxygenic photosynthe-
sis, coupling the fixation of CO, into biomass with the oxidation
of reduced sulfur to replace the electrons lost from the photo-
system during carbon assimilation (Overmann 2006). However,
certain members of the Chlorobi phylum can grow by oxidiz-
ing Fe(Il) (e.g. Crowe et al. 2017), the so called photoferrotrophs
(see Bryce et al. 2018 for a comprehensive review). If this is the
case, the temporal transition from the putative microaerophilic
to an anoxygenic photoferrotrophic metabolism could represent
a phenomenon that has yet to be described in circumneutral
mine drainage environments. Currently, most photoferrotrophic
isolates have originated from either freshwater sediment and
lakes or marine sediments (Bryce et al. 2018). The occurrence of
Chlorobi has been reported in 16S rRNA gene sequencing surveys
of acid mine drainage (Volant et al. 2014; Mesa et al. 2017) and
soils impacted by circumneutral mine drainage (Pereira, Vicen-
tini and Ottoboni 2014) though at low abundance (<1%). It is
possible that the high relative abundance for Chlorobi-affiliated
OTUs at Ynysarwed represents a previously overlooked micro-
bial metabolism in circumneutral mine drainage that can greatly
impact pollutant turnover.

While the ecological function of the dominant Chlorobi-
affiliated OTU at the Ynysarwed mine adit cannot be inferred
from the partial 16S rRNA gene sequencing data currently avail-
able, it highlights the need for cultivation-based approaches to
determine the metabolism of this particular bacterium, and may
provide insight into the type of growth conditions to be tested
(i.e. anoxygenic photoferrotrophy). This research demonstrates
that there is likely a complex interplay between geochemical
and microbial factors that result in a seasonal ecological suc-
cession, and further cultivation-dependent and metagenomics
work could help to elucidate the role of the Chlorobi VC38- and
Betaproteobacteria SBlal4-affiliated bacteria.

Fluxes of substrates drive biogeochemical iron cycling

The OM content of the sediment varied seasonally and by loca-
tion and is likely to reflect the deposition of fallen leaves from
nearby deciduous trees during winter months. The particularly
elevated concentration at location 4 in the upper sediments
compared to other samples indicates that this localized influx
of OM is the case. The occurrence of leaves in the sediment, par-
ticularly at the entrance of the adit, was noted several times dur-
ing fieldwork. The concentration of Fe(ll) in pore waters varied
spatially and may be due to the influence of infiltrating oxygen
from the atmosphere into the sediments. This is shown by the
comparatively lower concentrations measured at the entrance
of the aditatlocations 1, 2 and 3. Conversely, the localized area of
comparatively elevated concentrations of Fe(Il) centered around
location 5L may indicate the lack of oxygen infiltration to these
parts. Another possibility is that the influx of organic carbon
stimulated the reduction of bioavailable Fe(III) by Fe(IIl)-reducing
microbes. Lineages affiliated to those known to be capable of
Fe(Il) reduction were detected at relatively high abundances
within the sediment.

Although the greatest OM content was detected during
autumn, the change in the bacterial community may not occur
immediately. A possible reason for this includes a delay period
created by the time necessary for the catabolism of the complex
organic compounds by a certain taxon, or indeed several taxa,
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into more simple forms that can be used by other microbes.
This, therefore, also suggests the presence of a syntrophic
microbial community where microbes take advantage of the
metabolic abilities of their syntrophic partner (Schink 2002;
Stams and Plugge 2009). At location 4 during summer—the
location with the greatest OM content measured in the study
(in the upper sediments in autumn at ~34%)—an increase in
an OTU affiliated to the bacterium Variovorax paradoxus (99%
16S rRNA gene sequence similarity) was observed in the lower
sediments. This species, a member of the family Comamon-
adaceae within the Proteobacteria formerly known as Alcaligenes
paradoxus (Davis et al. 1969; Willems et al. 1991), has numerous
metabolic capabilities that are associated with important
catabolic processes including the degradation of toxic and
complex chemical compounds. These include the degradation
of chitin, cellulose and humic acids (Satola, Wiibbeler and
Steinbtichel 2013). Several strains of V. paradoxus have been
shown to participate in syntrophic relationships with other
plant and bacterial species (Satola, Wiibbeler and Steinbtichel
2013). The importance of this bacterium in the degradation
process of OM and also its involvement in numerous syntrophic
processes suggest that the increase in relative abundance is
due to the addition of OM to the sediment.

The substantial bacterial community changes observed at
locations 1-7 in the upper sediments during winter, specifically
an increase in putative Fe(Il) oxidizers from the order SBla14, are
likely due to the formation of additional Fe(II) by Fe(III) reducers.
Fe(Ill)-reducing bacteria have been shown to greatly impact and
decrease the net Fe(II) oxidation rate in natural sediments due to
their rapid reduction rates (Laufer et al. 2016a). This rapid reduc-
tion of Fe(Ill) would provide sufficient Fe(Il) to support micro-
bial microaerophilic Fe(Il) oxidation and during that time an
increase in the comparatively well characterized Fe(II)-oxidizing
Gallionella was also observed. Furthermore, the occurrence of
OM plays an important role in the stabilization of Fe(Il) (Sund-
man et al. 2014; Bhattacharyya et al. 2018) by forming OM-Fe(II)
complexes which have been found in a range of environments
(Kleja et al. 2012; von der Heyden et al. 2014; Hopwood et al.
2015). Therefore, a decrease in abiotically oxidized Fe(II) either by
molecular oxygen or through heterogenous Fe(II) oxidation (Park
and Dempsey 2005; Melton et al. 2014) and an increase in OM-
Fe(I) complexes could provide a more stable substrate available
for use by Fe(Il)-oxidizing bacteria. This, combined with a poten-
tial increase in the activity of Fe(Ill)-reducing bacteria, could
explain the bloom in abundance of putative Fe(Il)-oxidizing bac-
teria at the site.

Implications for contaminant dynamics

The formation, and also dissolution, of Fe(Ill) (oxyhydr)oxide
minerals can have substantial impacts on contaminant and
nutrient dynamics (Islam et al. 2004; Borch et al. 2010; Eickhoff
et al. 2014). Therefore, the activity of Fe-cycling bacteria play a
major role in the sequestration and release of contaminants,
such as As, in the environment. Analysis of the sequence data
showed a dramatic increase in OTUs from the Betaproteobacte-
rial order SBlal4, a putative Fe(Il)-oxidizing bacterium related
to S. lithotrophicus ES-1, as well as Gallionella-related OTUs dur-
ing winter. This may have implications on the release of As
from the mine site. As previously discussed, biogenic Fe(III) min-
erals are known strong sorbents and sinks for As (Hohmann
et al. 2010; Sowers et al. 2017) and therefore a bloom in Fe(II)-
oxidizing bacteria and subsequent Fe(III) biomineral production
could increase the sequestration of As from the mine water. This
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is not supported by the geochemical water chemistry data as the
concentration of As in solution increased slightly through the
sampling period. However, the processes, such as dissolution of
As-bearing minerals and water retention times occurring within
the flooded mine, upstream of the mine adit are unknown and
might have masked the processes at the adit entrance.

CONCLUSIONS AND OUTLOOK

The geochemistry and relative bacterial 16S rRNA gene abun-
dance of nine locations within an Fe(Ill)-rich deposit at an
abandoned coal mine in the SWC showed clear differences
between months, depths and locations. In autumn (October
2011) OTUs closely related to Chlorobi VC38 which could poten-
tially be an anoxygenic photoferrotroph dominated; however,
by winter (February 2012) the putative Fe(ll)-oxidizing Betapro-
teobacteria SBlal4 related to S. lithotrophicus bloomed to abun-
dance. Anincrease in the well-described Fe(1l) oxidizer Gallionella
was also observed but to a lesser extent. By summer (July 2012),
the community had returned to almost the same community
observed in the previous autumn demonstrating a cyclic tran-
sition between the two principal community members, pos-
sibly related to the influx of OM to the sediment. This clear
ecological succession highlights the importance of spatial and
temporal sampling strategies when investigating environmental
systems. The high relative abundance of the Chlorobi-affiliated
OTUs that currently have no known ecological function indi-
cates the importance and necessity of further investigations at
this site, and also other sites in the SWC, to include cultivation-
dependent and metagenomics approaches to determine their
potential influence on contaminant and nutrient dynamics.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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