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• Cr(VI) leaching from COPR waste sites 
into ground water is a threat to health. 

• The capacity of in situ soil microbial 
populations to reduce Cr(VI) was 
studied. 

• Microcosms spiked with Cr were ana-
lysed by geochemical and molecular 
methods. 

• A unique microbial population reduced 
Cr via acetate stimulated sulfate 
reduction. 

• In situ microbial populations have the 
potential to remediate COPR legacy 
sites.  
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A B S T R A C T   

Dumped Chromium Ore Processing Residue (COPR) at legacy sites poses a threat to health through leaching of 
toxic Cr(VI) into groundwater. Previous work implicates microbial activity in reducing Cr(VI) to less mobile and 
toxic Cr(III), but the mechanism has not been explored. To address this question a combined metagenomic and 
geochemical study was undertaken. Soil samples from below the COPR waste were used to establish anaerobic 
microcosms which were challenged with Cr(VI), with or without acetate as an electron donor, and incubated for 
70 days. Cr was rapidly reduced in both systems, which also reduced nitrate, nitrite then sulfate, but this 
sequence was accelerated in the acetate amended microcosms. 16S rRNA gene sequencing revealed that the 
original soil sample was diverse but both microcosm systems became less diverse by the end of the experiment. A 
high proportion of 16S rRNA gene reads and metagenome-assembled genomes (MAGs) with high completeness 
could not be taxonomically classified, highlighting the distinctiveness of these alkaline Cr impacted systems. 

Abbreviations: AnSR, anaerobic sulfite reduction; APS, Adenosine 5’-Phosphosulfate; ATP, Adenosine triphosphate; BC, Bray-Curtis beta diversity value; COPR, 
Chromium Ore Processing Residue; DSR, dissimilatory sulfate reduction; KEGG, Kyoto Encyclopaedia of Genes and Genomes; LOI, Loss on Ignition; MAG(s), Met-
agenome Assembled Genome(s); NADH, Nicotinamide Adenine Dinucleotide + Hydrogen; OTU(s), operational taxonomic unit(s); qXRD, quantitative x-ray 
diffraction analysis; RIR, Relative Intensity Ratio; rRNA, ribosomal Ribonucleic Acid; SOM, Soil Organic Matter; WGS, Whole Genome Sequencing; XRF, X-ray 
Fluorescence. 
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Examination of the coding capacity revealed widespread capability for metal tolerance and Fe uptake and 
storage, and both populations possessed metabolic capability to degrade a wide range of organic molecules. The 
relative abundance of genes for fatty acid degradation was 4× higher in the unamended compared to the acetate 
amended system, whereas the capacity for dissimilatory sulfate metabolism was 3× higher in the acetate 
amended system. We demonstrate that naturally occurring in situ bacterial populations have the metabolic 
capability to couple acetate oxidation to sequential reduction of electron acceptors which can reduce Cr(VI) to 
less mobile and toxic Cr(III), and that microbially produced sulfide may be important in reductive precipitation 
of chromate. This capability could be harnessed to create a Cr(VI) trap-zone beneath COPR tips without the need 
to disturb the waste.   

1. Background 

Chromium chemicals are used in many industrial processes (Barn-
hart, 1997; Jacobs and Testa, 2005; ENTEC, 2008). Chromium has two 
environmentally stable oxidation states: Cr(III) and Cr(VI) (Pourbaix, 
1966; Brito et al., 1997). It is extracted from chromite ore by heating 
with an alkali‑carbonate to 1150 ◦C to oxidise insoluble Cr(III) to soluble 
Cr(VI), which is then extracted with water upon cooling. Originally, 
limestone was added to the reaction to improve air penetration (Breeze, 
1973; Darrie, 2001). This “high-lime” process was superseded by lime- 
free processing in about 1960 (Alderson and Rattan, 1981), but the 
simplicity of the process meant it continued to be widely used until the 
end of the 20th Century, particularly where environmental regulations 
were less stringent (Darrie, 2001). Some of the most intractable envi-
ronmental problems from chromium contamination of soil and 
groundwater are associated with poor disposal of chromite ore pro-
cessing residue (COPR) from the high-lime process. Lack of regulation or 
enforcement at the time when these wastes were produced means that 
water ingress and subsequent leaching poses a threat to groundwater, as 
water in contact with high-lime COPR can have a pH > 12 and contain 
up to 80,000 μg/L Cr(VI) (Whittleston et al., 2011b). 

Cr(III) is an essential trace element for mammals (Lukaski, 1999; 
Vincent, 2000; Cefalu and Hu, 2004). In contrast, Cr(VI) is toxic to 
plants, animals and humans (Costa, 1997; Chandra and Kulshreshtha, 
2004; Shanker et al., 2005) and is classified as a mutagenic and carci-
nogenic material (Léonard and Lauwerys, 1980; Kondo et al., 2003). 
Concern about the long-term health impacts of Cr(VI) ingestion have led 
to the World Health Organisation to recommend a maximum of 50 μg/L 
total chromium in drinking water, and the California Water Resources 
Control Board to set a maximum contaminant level of 10 μg/L Cr(VI) for 
drinking water (WHO, 2020; SWRCB, 2022). 

Water in equilibrium with COPR can contain up to 80,000 μg/L Cr 
(VI), however, at several disposal sites where COPR leachate has 
fortuitously seeped into organic matter-rich soils, chromium has accu-
mulated in its reduced Cr(III) form associated with Fe(III) oxy- 
hydroxides after reaction with microbially reduced iron (Burke et al., 
1991; Whittleston et al., 2011b; Ding et al., 2016). Recent developments 
in whole genome sequencing and the associated bioinformatic analyses 
have opened up the possibility to catalogue the metabolic capabilities of 
microbial populations in environmental samples. Since many microor-
ganisms are unknown and unculturable (Albertsen et al., 2013), these 
methods allow insights into the structure and metabolic potential of 
microbial communities, which are impossible to obtain by culture based 
methods. Contaminated sites present an extreme environment for life 
with multiple stressors; in the case of COPR disposal sites the combi-
nation of toxic metals and alkaline pH. Probing the microbial commu-
nities of such extreme environments can reveal the biochemical 
potential, which could be harnessed for remediation processes. While 
metagenomics has been applied to several alkaline environments, often 
saline lakes and/or hot springs (Vavourakis et al., 2018; Cotta et al., 
2022) and alkaline sulphidic mine tailings (Bier et al., 2020; Li and Li, 
2021), this is the first time it has been used at a COPR disposal site. 

The aim of our study was to explore the microbial community in the 
soil layer under a historical COPR waste pile and examine how it evolved 

and responded in anaerobic microcosms with and without acetate 
stimulation (addition of an organic electron donor, such as acetate, can 
increase the rate of microbial metabolism in systems where natural 
organic matter is low in concentration or unreactive; Lovley, 1993). 
Complementary geochemical data was collected to provide context and 
to allow the changes in microbial diversity and metabolic capability to 
be related to changes in availability of key chemical species relevant to 
Cr speciation and mobility. Metagenomes from these alkaline, Cr 
contaminated soils were analysed for genes for stress resistance and 
metabolic capabilities. This information will help to understand how 
microbial populations interact with the geochemistry at waste sites and 
how potentially this could be managed to reduce Cr(VI) leaching. 

2. Methods 

2.1. Site description 

The study site was a 19th century COPR tip covering an area of 1.8 ha 
is located in a river valley in the North of England (Fig. 1a: Stewart et al., 
2010). The waste was tipped against the valley side between a canal and 
the river which are about 150 m apart; the canal follows the valley side 
and is about 7 m higher than the river; Fig. 1b. Ground level on the tip is 
about 1.5 m higher than the canal towpath. Geological maps indicate 
that this is a glacial valley within the millstone grit series that has been 
partially in-filled with alluvial deposits (silt, clay and sand). Prior 
ground investigations of the tip have revealed that the COPR waste was 
placed directly onto the alluvial soils and then covered with topsoil 
(Whittleston et al., 2011a). Beneath the tip is a thin soil layer, described 
as a grey clay, which is rich in soil organic matter and thought to have 
been the surface layer prior to COPR tipping. This is underlain by allu-
vial sand and gravel with some cobbles of sandstone. A confidential 
commercial site investigation undertaken in 2007 indicated that the 
alluvial deposits are ~8 m thick. A hydrogeology study in April 2009 
(Atkins, 2009) showed a perched water table within the waste just over 
2 m above the water table in the underlying alluvial deposits, and that 
flow in the alluvial deposits is roughly south-westerly from the valley 
side towards the river (roughly along the cross-section in Fig. 1). This 
indicates that water from the COPR tip initially flows downward and 
then towards the river. Chromium has accumulated in grey clay, 
exclusively in its reduced Cr(III) form associated with Fe(III) oxy- 
hydroxides (Whittleston et al., 2011b). 

2.2. Soil sampling 

Soil samples were collected in June 2021 from a borehole that was 
advanced through the side-slope on western corner of the waste tip using 
a hand auger and 1 m core sampler (Fig. 1). This borehole revealed 1.8 m 
of compacted topsoil, over 1.1 m of COPR waste, over grey clay soil. 
Three samples of the grey clay were recovered from depths of 2.9 m, 3.4 
m and 3.6 m (0 m, 0.5 m and 0.7 m below the COPR). A water sample 
was taken from the site drainage ditch close to where it enters the river 
(at the base of the viaduct; Fig. 1). Soil samples were double-bagged in 
sealed polythene bags and stored at 4 ◦C in the dark in an oxygen-free 
atmosphere using Anaerogen™ sachets. Water samples were stored at 
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4 ◦C in completely full sealed polythene containers. Experiments were 
started within 2 days of collecting the samples. A sample of the grey clay 
from a depth of 3.4 m (the original soil) was frozen for DNA extraction 
and 16S rRNA gene sequencing. 

2.3. Microcosm experiments 

Microcosms were made from 10 g of clay from a depth of 3.4 m (0.5 
m below the COPR) and 100 mL of ditch water in 120 mL Wheaton glass 
serum bottles. These were purged with N2 and sealed with butyl rubber 
stoppers and aluminium crimp-seals (Merck Life Sciences, Germany). 
Triplicate active microcosms and a sterile control microcosm were pre-
pared for two systems. There were no further additions to the “un-
amended” system. Sodium acetate to a final concentration of 20 mmol. 
L− 1 was added to “Acetate amended” system (acetate at this concentra-
tion has previously been shown to support microbial metabolism in 
reduction microcosm experiments without being exhausted over periods 
exceeding 2 months; Stewart et al., 2007). Controls were prepared by 
autoclaving soil in bottles with a N2 purged headspace soil (121 ◦C for 
15 min) before injecting filter sterilised ditch water upon cooling. All 
microcosms and controls were incubated anaerobically at 21 ± 2 ◦C in 
the dark. The microcosms were allowed to establish for 5 days, before 
they were spiked with K2CrO4 to a final concentration of 500 μmol.L− 1 

Cr(VI), run for a further 64 days, spiked again with K2CrO4 at the same 
concentration (day 69), before the microbiology was sampled on day 71. 

Microcosms were periodically sub-sampled for geochemical analysis. 
During sampling the bottles were shaken and 3 mL of soil slurry 

withdrawn through the stopper using aseptic technique with sterile sy-
ringes and needles (Burke et al., 2006). Samples were centrifuged (5 
min, 16,000 g) and the pore water and soil were analysed. 

2.4. Geochemical methods 

Aqueous Cr(VI) was determined by standardised UV–vis spectros-
copy methods on a Shimadzu UV-1900 (US-EPA, 1992). Standards were 
used regularly and calibration linear regressions normally produced r2 

values >0.99. Chloride, nitrite, nitrate and sulfate were determined by 
ion chromatography on a ThermoScientific ICS5000 with AS19 and 
AG19 analytical columns. Acetate concentration was determined by 
repeat IC analysis with the eluent concentration optimised for that an-
alyte. As a proxy for microbial available Fe (Weber et al., 2001; Burke 
et al., 2006), the percentage Fe(II) in the soil was determined after 
extraction by 0.5 N HCl and reaction with ferrozine (Lovley and Phillips, 
1986). pH was determined using Denver Instruments UB-10 bench-top 
meter and Sentek P11 pH electrode calibrated at 7 and 10, daily. 

Loss on ignition (LOI) at 550 ◦C (4 h) was determined on samples that 
were first oven dried at 105 ◦C (24 h). Relative Intensity Ratio (RIR) 
quantitative x-ray diffraction analysis (qXRD) was carried out on the 
Bruker D8 XRD. Samples were initially ground to <75 μm using a Retsch 
RS200 disc mill, before being combined with 20 % corundum and 
ground again in a 5%PVA solution using a McCrone microniser. The 
slurry was spray dried onto a slide to produce randomly orientated 
particles, and samples were scanned between 2 and 70◦ 2θ using Cu Kα1 
radiation. Trace elements (Fe, S and Cr) in the clay samples were 

Fig. 1. (a) Sketch map of the site showing the borehole location, and (b) conceptual ground model along the line AB.  
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determined using an Olympus Innovex X-5000 energy dispersive X-ray 
Fluorescence spectrometer (XRF). 

2.5. Microbiological methods 

Microbial genomic DNA was extracted from subsamples (~0.25 g) 
using a DNeasy PowerSoil Kit (QIAGEN Ltd). DNA concentration was 
quantified using a Qubit™ dsDNA HS Assay Kit on a Qubit® 2.0 Fluo-
rometer (Invitrogen) and concentrations were from 4 to 30 ng/μl. DNA 
samples were sent to the Next Generation Sequencing Facility at the 
Leeds Institute for Biomedical and Clinical Sciences for 16S rRNA gene 
sequencing targeting the hyper-variable V4 region (MiSeq - 250 bp 
paired-end reads, 400 k reads per replicate) and whole genome 
sequencing (NextSeq 2000–150 bp paired-end reads, 100 M reads per 
system). 

2.6. 16S rRNA gene microbiome data analysis 

Software and algorithms used for 16S rRNA gene and metagenomics 
analysis are listed in SI Table S1. 

UPARSE pipeline (Edgar, 2013) was used for the 16S rRNA gene-NGS 
data analysis, setting a 97 % identity threshold for clustering operational 
taxonomic units (OTUs). Sufficient reads were recovered from all soil 
samples to randomly select 18 k reads per soil sample after quality 
control for subsequent analysis. Taxonomic classification of OTUs was 
undertaken using the RDP 16S rRNA training database version 16 (Cole 
et al., 2014) using a confidence value of 0.7 to give a reasonable trade- 
off between sensitivity and error rate in the taxonomy prediction. OTUs 
which were not classified as bacteria with a confidence >0.7 (e.g. 
Archaea and poor reads) were not included in the diversity and statis-
tical analyses. Hill numbers (Dq) were used to characterise bacterial 
diversity in the samples (Hill, 1973), where D0 is the OTU richness, and 
D1 and D2 are measures of the number of common and dominant OTUs. 
Bray-Curtis beta diversity values were used to characterise dissimilarity 
between the replicates. 

2.7. Metagenomics data analyses 

An ad-hoc establishment of the MetaWRAP pipeline (Uritskiy et al., 
2018) was deployed to run the metagenomics data analysis workflow. 
Quality control was assessed through both FastQC (Babra-
ham_Bioinformatics, 2023a) and multiQC (Ewels et al., 2016), whereas 
trimming of low quality bases (QV < 20) and adapters was performed by 
TrimGalore (Babraham_Bioinformatics, 2023b). WGS data from the 
biological triplicates from each system (unamended and acetate amen-
ded) had their trimmed fastq files concatenated (pooled) for the initial 
assembly process with metaspades (Nurk et al., 2017): –checkpoints last 
–only-assembler − 1 $reads_1–2 $reads_2. Metaspades-generated contigs 
were then submitted to the metaWRAP binning module that makes use 
of three independent algorithms: CONCOCT (Alneberg et al., 2014), 
MetaBat2 (Kang et al., 2019), and MaxBin2 (Wu et al., 2016). The three 
binning sets were refined through the “bin_refinement.sh” module that 
used CheckM (Parks et al., 2015) for quality assessment and initial 
taxonomic classification survey of all assembled bins, setting a cutoff of 
90 % completeness (− c 90) and 10 % contamination (− x 10). Bins’ 
reassembly was performed by SPAdes (Prjibelski et al., 2020) with 
default parameters through the “reassemble_bins.sh” module. The last 
two modules (classify_bins and annotate_bins) relied on Taxator-tk 
(Dröge et al., 2015) and Prokka (Seemann, 2014) for a final taxo-
nomic classification of each metagenome-assembled genome (MAG) and 
gene functional annotation, respectively. The prefix A was added to la-
bels for MAGs from the unamended system and the prefix B was added to 
labels for MAGs from the acetate amended system. Both prokka2kegg 
python script (SilentGene, 2019) and MinPath algorithm (Ye and Doak, 
2009) were added at the end of the metaWRAP annotate_bins module 
execution. Prokka2kegg maps KEGG pathways to the gene IDs of the 

MAGs to determine KEGG orthologs (KOs) (Aoki-Kinoshita and Kane-
hisa, 2007). MinPath uses a parsimony approach to reconstruct biolog-
ical pathways to provide a conservative estimation of the metabolic 
pathways within a MAG and assign a boolean significance score (Ye and 
Doak, 2009). This ad-hoc deployment in the pipeline allowed us to 
properly assess metabolic pathways in each sample group. All other 
metaWRAP intermediate/optional modules were run using its default 
parameters. 

The functional annotation files for the MAGs that were > 90 % 
complete were searched for genes coding for resistance to various metal 
(loid)s (Table S2). Each individual sample group also had their final 
metaWRAP-generated MAGs’ fasta files used as input for FeGenie 
(Garber et al., 2020) (− -meta –norm –heme –hematite –makeplots), in 
order to assess for enrichment of iron metabolism-related genes. 
Sequence conservation was assessed through megaBLAST (Altschul 
et al., 1997), where MAGs from the unamended system (A) were 
compared pairwise with MAGs from the acetate amended system (B). 
Contigs from the first MAG were aligned to contigs from the second, and 
the proportion of the first MAG, for which there was a reliable match 
(>80 % identity over >50 % alignment coverage, and e-value <0.001), 
was calculated to identify potential pairs. MAGs’ pairings where the sum 
of contigs’ alignment lengths was less than one third of the whole MAG 
length were disregarded. It resulted in nineteen MAGs from the un-
amended system (A) that reliably matched to MAGs from the acetate 
amended system (B), displaying sequence conservation across over 33 % 
of its whole length. 

ZicoSeq R package (Yang and Chen, 2022) was employed for dif-
ferential abundance analysis of MAGs from systems A versus B, relying 
on GCPM (genome copies per million reads) quantification values 
generated after the quant_bins module execution in the metaWRAP 
pipeline. A p-value threshold of 0.01 was set on ZicoSeq’s output. 

The functional gene annotation files of all the MAGs from both sys-
tems were searched for the genes required for dissimilatory sulfate 
reduction (DSR) and anaerobic sulfite reduction (AnSR), by name, 
synonyms, and their KEGG Orthology numbers. The search terms and 
synonyms are given in SI Table S3. For MAGs containing at least 1 of 
these diagnostic genes, we relied on MinPath (Ye and Doak, 2009) 
output tables to determine the number of genes associated with a sig-
nificant (MinPath positive) sulfur metabolism KEGG pathway (00920) 
assignment. This allowed generation of two DSR 2 × 2 contingency ta-
bles for each MAG: involved in DSR/AnSR (row 1), not involved in DSR/ 
AnSR (row2), in the MAG (col 1), and not in the MAG (col 2). Then, a 
Fisher Exact Test was used to determine whether the proportion of DSR 
and AnSR genes were significantly greater than the proportion of sulfur 
metabolism genes found (p-value <0.05). 

A heat map of DSR and AnSR genes’ abundance across all MAGs from 
both systems that contained them was plotted through the pheatmap R 
package (Kolde, 2019). For the colour shading, we considered as 
abundance (A) the number of gene copies in the gene set (columns) per 
MAG (rows) times the MAG’s GCPM. A hierarchical clustering relying on 
Log2(A + 1) values was performed for both rows and columns prior to 
plotting. 

RCircos (Zhang et al., 2013) was employed for summarising DSR and 
AnSR gene loci on the most abundant MAGs through a circosPlot. The 
same abundance (A) metric established for the heat map was used for 
creating an “abundance inner track” in the plot. In addition, a tBlastX 
(Altschul et al., 1997) pairwise analysis was performed between the 
plotted MAGs in order to identify amino acid sequence conservation in 
different stretches along different MAGs (coloured linking lines in the 
middle of the circosPlot). We set e-value <1e− 3, alignment length ≥ 90 
nt (or 30 aa), and identity ≥50 % as threshold for tBlastX outputs. 

3. Results 

The three samples of grey clay had a similar mineralogical compo-
sition; predominantly quartz with illite/smectite, some albite and 
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smaller amounts of mica and kaolinite (SI Table S4). Clay minerals 
formed a total of about 30 % of each sample. The grey clay used in the 
microcosms contained 4.0 wt% Fe, 0.3 wt% S, and 0.3 wt% Cr (SI 
Table S5). LOI was 7.9 wt% suggesting it contained about 3 wt% soil 
organic carbon, SOC (Jensen et al., 2018). The ditch water had a pH 
value of 8.9 and contained 115 μmol.L− 1 (6000 μg/L) Cr(VI) (see SI 
Table S6 for composition). 

3.1. Microcosm experiments 

The microcosms were first sampled ~90 min after establishment. At 
this point the geochemistry of the two systems was very similar (Fig. 2 
and SI Fig. S1). The initial pH of the unamended microcosms was 8.8 ±
0.3, and did not vary much over the experiment (SI Fig. S1(a)). The 
water initially contained 4.5 ± 0.6 μmol.L− 1 Cr(VI), 140 ± 14 μmol.L− 1 

NO3
− , and 2440 ± 210 μmol.L− 1 SO4

2− . Approximately 97 ± 3 % of the 
0.5 N HCl extractable iron associated with the soil was Fe(II). The initial 
pH of the acetate-amended microcosms was 8.5 ± 0.1, but increased to 
9.1 ± 0.1 over the experiment. The water initially contained 8.9 ± 5.6 
μmol.L− 1 Cr(VI), 123 ± 3 μmol.L− 1 NO3

− , and 2020 ± 210 μmol.L− 1 

SO4
2− . Approximately 88 ± 9 % of the acid extractable iron was initially 

Fe(II), but this increased steadily to 97 ± 5 % by day 6. 
All the Cr(VI) introduced with the ditch water was removed from 

solution over the first 24 h in both systems (Fig. 2(a)). Both subsequent 
Cr(VI) spikes were also removed from solution within 24 h in both 
microcosm series. Very little change in the proportion of the acid 
extractable iron that was Fe(II) was observed due to either Cr(VI) spike 
(SI Fig. S1(b)). 

The aqueous nitrate concentration in the microcosm experiments 
~90 min after establishment exceeded the amount in the ditch water by 
50 to 70 % indicating that a modest amount of nitrate was released from 
the soil (Fig. 2(b)). However, nitrate was removed from both systems 
during the first few days, so that when the Cr(VI) was respiked on day 5, 
the unamended microcosm contained 14 ± 15 μmol.L− 1 NO3

− , and the 
acetate-amended microcosm contained 4 ± 0.5 μmol.L− 1 NO3

− . During 
this period aqueous nitrite was detected in both systems, but the con-
centration was higher and persisted for longer in the unamended system 
(Fig. 2(c)). 

Despite some scatter, the sulfate concentration exhibited a modestly 
increasing trend in both microcosm series during the first two weeks, 
reaching 4080 ± 310 μmol.L− 1 in the unamended microcosms and 3570 
± 620 μmol.L− 1 in the acetate-amended microcosms (Fig. 2(d)). Sub-
sequently there was little change in sulfate concentration in the un-
amended microcosms until day 68 after which there was a modest 
decrease to a final concentration of 3240 ± 80 μmol.L− 1. However, in 
the acetate-amended microcosms, there was a decrease in the sulfate 
concentration starting after day 15, reaching a final concentration 960 
± 450 μmol.L− 1. The mean acetate concentration was 16 μmol.L− 1 in the 
unamended microcosms, and 20.4 mmol.L− 1 in the acetate-amended 
microcosms with no systematic variation during the either experiment 
(SI Fig. S1(c)). 

3.2. 16S rRNA gene sequence analysis 

On average 77 ± 2 % (unamended), 67 ± 4 % (acetate-amended), 
and 77 % (original soil) of 16S rRNA gene reads were assigned to a 
bacterial phylum with a confidence >0.7 (see SI Fig. S2). Reads from the 
unamended microcosms were dominated by Bacteroidetes (36 ± 2 %), 
Firmicutes (21 ± 6 %), Proteobacteria (17 ± 4 %), and unclassified (23 ±
2 %). Reads from the acetate-amended microcosms were dominated by 
Bacteroidetes (24 ± 2 %), Proteobacteria (24 ± 3 %), Firmicutes (16 ± 2 
%) and unclassified (33 ± 4 %). Whereas reads from the original soil 
were dominated by Proteobacteria (20 %), Acidobacteria (16 %), Firmi-
cutes (14 %), Actinobacteria (9 %), Chloroflexi (6 %), Bacteroidetes (5 %) 
and unclassified (23 %). 

The OTU richness (D0
α), and the number of common OTUs (D1

α) and 
dominant OTUs (D2

α) were similar in the unamended (485 ± 78, 43 ± 5, 
16 ± 3) and acetate amended microcosms (426 ± 85, 55 ± 9, 24 ± 3), 
but the diversity in both microcosms series were far lower than in the 
original soil (D0

α = 1117, D1
α = 352, D2

α = 127; SI Fig. S3). 
Bray-Curtis beta diversity values for dissimilarity between the rep-

licates indicate that the acetate-amended replicates were quite similar to 
each other at the level of OTUs (BC = 0.27, SI Table S7), whereas there 
was slightly more dissimilarity between the unamended replicates (BC 
= 0.45). There was greater dissimilarity between the unamended and 
acetate-amended microcosms (BC = 0.63). Both the unamended and the 
acetate-amended microcosms exhibited a high degree of dissimilarity 
from the original soil at the level of OTUs (BC = 0.92 and 0.94, 
respectively; Bray-Curtis values range from 0 for populations with the 
same composition to 1 for populations that do not share any OTUs). 

3.3. Whole genome sequencing 

Analysis is based on approximately 5 Gb of sequenced DNA (Phred 
quality score > 30) per pooled sample. All contigs generated from the 
first assembly step within the metaWRAP pipeline were > 1000 bp long, 
and about 20 % were > 5000 bp. This produced 72 and 71 MAGs from 

Fig. 2. Geochemical conditions in the unamended and acetate-amended mi-
crocosms (a) Cr(VI) concentration, (b) nitrate concentration, (c) nitrite con-
centration and (d) sulfate concentration. Error bars represent one standard 
deviation of triplicates. Annotation indicates a significant difference between 
the two systems at the same time point (Student’s t-test:** p ≤ 0.05 and * p 
≤ 0.10). 
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the unamended and acetate amended microcosms, respectively. 44 
MAGs from the unamended system and 32 MAGs from the acetate 
amended system exceeded 90 % completeness, with N50 values 
(weighted median length) for these “high quality” MAGs between 7933 
and 212,796 bp, and contamination rates of 0–3.3 % and 0–3.5 %, 
respectively (see SI Table S8 and S9). The MegaBlast comparison of 
MAGs indicates that 19 MAGs in each system were very similar (see 
Fig. 3: any subsequent reference to one in these “paired” MAGs will 
include the second MAG number in brackets). 

3.4. Relative abundance and identity of MAGs in the acetate-amended vs 
the unamended system 

The proportion of the WGS reads from a system that ZicoSeq mapped 
onto the MAGs from that system is a guide to relative abundance of those 
MAGs. This indicated that Bacteroidetes (44 %), Proteobacteria (19 %) 
and Firmicutes (18 %) were the dominant phyla in the unamended sys-
tem. Proteobacteria (38 %), Bacteroidetes (16 %), Firmicutes (6 %) were 
the dominant phyla in the acetate-amended system. Only 1 % of WGS 
reads in each system were mapped to MAGs that were classified to other 
phyla. This confirms the result of the 16S rRNA sequence analysis that 
Bacteroidetes, Proteobacteria, and Firmicutes are the most abundant phyla 
in both systems. 

Nine MAGs from the unamended system, 11 MAGs from the acetate- 
amended system and 5 MAGs in each system that were paired by meg-
aBlast were classified as Bacteriodetes (Fig. 3 shows the high complete-
ness MAGs). However, the difference in the relative abundance of 
Bacteroidetes MAGs was principally due to MAG A73(B21), which were 
classified to the family Flavobacteriaceae. 32 % of WGS reads from the 
unamended system were mapped to A73, whereas only 2 % of reads in 

acetate-amended system were mapped to B21. The 16S rRNA gene 
analysis showed a similar result, with single OTU classified to the family 
Flavobacteriaceae accounting for the difference in relative abundance of 
Bacteroidetes reads between the two systems. 

Thirteen MAGs from the unamended system, 8 MAGs from the 
acetate-amended system and 2 MAGs in each system that were paired by 
megaBlast were classified as Proteobacteria (Fig. 3). In the unamended 
system 2, 6, 3 and 2 MAGs were further classified as α-, β-, γ- and 
δ-proteobacteria (2 MAGs were not further classified), whereas in the 
acetate-amended system 0, 3, 0 and 7 MAGs were further classified as α-, 
β-, γ- and δ-proteobacteria. In the unamended system 11 % and 4 % of 
WGS reads were mapped to MAGs classified as β- and δ-proteobacteria, 
respectively, whereas 4 % and 34 % of WGS reads from acetate-amended 
system were mapped to MAGs that were classified to these phyla. The 
16S rRNA gene analysis showed a similar difference in the relative 
abundance of β- and δ-proteobacteria in the two systems (7.4 % and 7.3 % 
of reads in the unamended system in comparison with 3.4 % and 20 % of 
reads in the acetate-amended system). Further, the only two δ-proteo-
bacteria MAGs in the unamended system (A10 and A68), that were 8th 
and 17th most abundant MAGs in that system, were paired with the 
third and first most abundant MAGs in the acetate-amended system (B30 
and B6, respectively). Both pairs were classified to the order Desulfur-
omonadales, and A68(B6) were further classified to the family 
Geobacteraceae. 

Nine MAGs from the unamended system, 7 MAGs from the acetate- 
amended system and 3 MAGs in each system that were paired by meg-
aBlast were classified as Firmicutes (Fig. 3). Mapping of the WGS reads to 
MAGs indicated that the MAG pairs A27(B63), A9(B41) and A43(B39) 
were the 1st, 3rd and 4th most abundant Firmicutes MAGs in the un-
amended system and the 2nd, 5th and 1st most abundant Firmicutes 

Fig. 3. Venn diagram showing the MAGs in the unamended and acetate-amended microcosms that were > 90 % complete throughout assembly, binning, and 
reassembly steps from the metaWRAP pipeline. Matching of MAGs in the two systems is based on megaBlast alignment. MAGs shown in italics were < 90 % complete 
but included due to match with a MAG from the other system. 
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MAGs in the acetate-amended system, and in each case the relative 
abundance was larger in the unamended system. The 16S rRNA gene 
analysis suggests a smaller difference between the systems, but the 
relative abundance of Firmicutes reads was still larger in the unamended 
than the acetate-amended systems (21 % and 16 % of reads). 

3.5. Metabolic potential for metal resistance 

Genes coding for resistance to the metal(loid)s As, Cu, Zn, Cd, Cr, 
were widely detected in MAGs in both systems (SI Table S10 and S11). 
The ars genes which are thought to code for resistance to arsenicals and 
antimonials were found in >86 % of high-completeness MAGs in each 
system. Arsenic has been reported in the ground water at this site pre-
sumably arising from some historic industrial process. Similarly, >47 % 
of these MAGs have cop genes that are thought to have a role in Cu 
regulation. >38 % of these MAGs have cus genes that are thought to 
have a role in resistance to Cu and Ag. >56 % of these MAGs have copies 
of czc genes that encode for Co-Zn-Cd resistance. Interestingly only just 
over a quarter of the high completeness MAGs in each system had chr 
genes that confer chromate resistance. The high frequency of metal(loid) 
resistance genes in MAGs of both systems emphasizes the importance of 
metal resistance in chromate contaminated systems. 

FeGenie found putative iron storage and iron regulation genes in 
essentially all the high-completeness MAGs in both systems (the only 
exception was a single MAG that was 92 % complete from the un-
amended system; SI Table S10 and S11). Similarly, putative Fe(II)/Fe 
(III) transport and siderophore transport genes were found in most high- 
completeness MAGs from both systems (84 % and 84 % of MAGs in the 
unamended system and 87 % and 90 % of MAGs in the acetate-amended 
system, respectively). This widespread potential for iron transport is to 
be expected as iron is a necessary micronutrient for most life (Garber 
et al., 2020). However, only 16 % and 6 % of the high-completeness 
MAGs in the unamended and acetate-amended systems possessed pu-
tative/probable iron reduction genes and 9 % and 6 %, possessed pu-
tative siderophore synthesis genes (SI Table S10 and S11). 

3.6. Inferred capability for degradation of organic matter 

Minpath (Ye and Doak, 2009) was used to search the MAGs for 
various KEGG pathways associated with the degradation of organic 
compounds produced by hydrolysis of complex organic matter. This 
analysis suggests that the metabolic capability to oxidise carbohydrates, 
amino acids and aromatic compounds is widespread in both systems, 
with similar proportions of the MAGs able to oxidise these substrates 
(Table 1). However, 18 % of MAGs in the unamended system have the 
metabolic capability to metabolise fatty acids, whereas just 9 % of MAGs 
in the acetate-amended system have this capability. Further, if the 
proportion of the WGS reads in each system that map onto each MAG is 
taken as a guide to relative abundance then the relative abundance of 
bacteria capable of oxidising fatty acids was 4× larger in the unamended 
system than in the acetate amended system. This is largely due to the 
difference in relative abundance of the MAG pair A73(B21) (32 % vs 2 % 
of reads), which were classified to the family Flavobacteriaceae (in the 
phylum Bacteroidetes). 

3.7. Sulfur reduction is a key process in both systems 

The geochemical data shows that the two systems had progressed 
past reduction of nitrate and nitrite as electron acceptors, to the point 
where sulfur reduction was just beginning in unamended system and 
was well advanced in the acetate amended system. Fig. 4 shows the 
pathways of S assimilation and dissimilatory metabolism. The first step, 
formation of Adenosine 5’-Phosphosulfate (APS) is common to both 
assimilatory and dissimilatory pathways and requires energy from ATP 
hydrolysis (Grein et al., 2013). In the dissimilatory pathway APS is then 
reduced to sulfite and sulfide by the cytoplasmic enzymes AprAB and 

DsrAB (Odom and Peck, 1981). Electrons for this reaction are provided 
by membrane proteins QmoABC and DsrMKJOP (Grein et al., 2013). 
Some bacteria also contain a pathway for anaerobic sulfite reduction 
(AnSR) mediated by genes AsrABC (Huang and Barrett, 1991) with 
electrons for the reduction coming from NADH (Fig. 4). The product of 
both DSR and AnSR is sulfide which as H2S is membrane permeable and 
can be released from the cell. 

The presence or absence of genes for these pathways was determined 
as described in materials and methods and the MAGs which contained a 
more complete set of genes than would occur by chance are shown in 
Table 2. The AnSR pathway is present in similar numbers of MAGs in the 
unamended (8) and acetate amended systems (7) but the relative 
abundance of those MAGs is much higher in the acetate amended sys-
tem; 22.7 % vs 4.0 % (Table 2). The MAG B6, which is the most abundant 

Table 1 
Proportion of MAGs that are MinPath positive for the glycolysis, fatty acid 
degradation, amino acid degradation and benzoate degradation pathways, and 
the percentage of reads from each population that are associated with those 
MAGs.  

Pathway  Unamended 
system 

Acetate- 
amended system 

% of 
MAGs 

% of 
reads 

% of 
MAGs 

% of 
reads 

Glycolysis 
(ko00010) 

Carbohydrate 
metabolism  

48 %  18 %  41 %  12 % 

Fatty acid 
degradation 
(ko00071) 

Lipid metabolism  18 %  47 %  9 %  11 % 

Valine, leucine and 
isoleucine 
degradation 
(ko00280) 

Amino acid 
metabolism  

7 %  2 %  6 %  1 % 

tyrosine 
degradation 
(ko00350) 

Amino acid 
metabolism  

55 %  51 %  53 %  21 % 

phenylalanine 
degradation 
(ko00360) 

Amino acid 
metabolism  

84 %  69 %  84 %  60 % 

tryptophan 
degradation 
(ko00380) 

Amino acid 
metabolism  

23 %  7 %  22 %  8 % 

Benzoate 
degradation 
(ko00362) 

Xenobiotics 
biodegradation and 
metabolism  

61 %  24 %  56 %  48 %  

Fig. 4. Pathways of sulfur metabolism in bacteria. Blue; pathway of sulfur 
assimilatory metabolism. Red; pathway of sulfur dissimilatory metabolism. 
CysAWPT ABC transporter for sulfate uptake from the periplasm. Sat/CysND 
activates sulfate for metabolism by either pathway. CysC, CysH, CysIJ genes of 
assimilatory metabolism. Trx, thioredoxin. AprAB and DsrAB genes of dissim-
ilatory sulfate metabolism. Electrons for the reduction come from QmoABC and 
DsrMKJOP respectively, linking to quinone reoxidation as part of electron 
transport. AsrABC genes of anaerobic sulfite reduction. NAD(P)H; Nicotinamide 
adenine dinucleotide (phosphate) reduced form. Sulfide can exit the cell as 
membrane permeable hydrogen sulfide (H2S). 
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MAG in the acetate amended system, is the main contributor to this 
difference. It is paired with MAG A68, the most abundant of the 8 MAGs 
in the unamended system that are positive for AnSR, but its relative 
abundance (18.8 %) is far higher than that of A68 (1.1 %). The DSR 
pathway was present in seven MAGs in the acetate-amended system but 
only one MAG in the unamended system, and the relative abundance of 
those MAGs is much higher in the acetate-amended system; 15.1 % vs 
5.0 % (Table 2). Several MAGs in the acetate amended system have both 
the DSR pathway and AnSR pathways whereas other MAGs have one or 
the other. 

Fig. 5 displays this information as a heat map for all the MAGs in each 
system which were positive for KEGG pathway ko00920 (sulfur meta-
bolism). The dendrograms on the figure represent unsupervised hier-
archical clustering based on similar/dissimilar patterns of relative 
abundance from each gene set (columns) per MAG (rows) (see methods 
for more details). Clustering therefore supports the idea that genes are 
present or absent together. For the purposes of this figure anaerobic 
sulfite reduction, indicated by the presence of asr[ABC], has been clas-
sified as a dissimilatory-type pathway. The genes Sat and CysNC are 
classified as belonging to both as they produce sulfite that is a substrate 
for either CysIJ in the assimilatory pathway or DsrAB/AsrABC for energy 
metabolism (Fig. 4). At the top of the figure are a group of MAGs which 
have the genes for the assimilatory pathway but neither the classical 
dissimilatory sulfate reduction pathway nor anaerobic sulfite reduction. 
These are found in both acetate amended and unamended systems and 
across MAGs classified to the phyla Bacteroidetes and Proteobacteria. A 
cluster of MAGs noted previously (Table 2) contain the genes apr[AB12] 
and ds[rv][AB] indicating the presence of the dissimilatory sulfate 
reduction pathway and correspond to the phyla Proteobacteria and Fir-
micutes. These are found predominantly in the acetate amended system 
and many of these MAGs have asr[ABC] as well, indicating they also 
have capacity for anaerobic sulfite reduction. At the bottom of the heat 
map is a large number of MAGs which have asr[ABC] either alone 
(where it presumably reduces sulfite taken up from the environment) or 
together with the genes required to produce sulfite intracellularly. Many 
of these MAGs are taxonomically unclassified. 

In order to visually compare the most abundant MAGs in each system 
which were positive for KEGG pathway ko00920, the genetic loci, 
relative abundance, and amino acid sequence conservation were dis-
played on a circosPlot (Fig. 6) using the same quantification metric as for 
the heat map in Fig. 5, plus tBlastX pairwise alignment results. Linking 
lines and ribbons in the middle of the circle correspond to genomic 
stretches with significant amino acid conservation (length ≥ 30 aa, 
identity ≥50 %, e-value <1e− 3). These lines and ribbons therefore 
highlight potential evolutionary relationships between different MAGs 
from either the same or different systems. A7 and A70 were the only 
MAGs among the six most abundant in the unamended system which 
were ko00920 positive, whereas five of the six most abundant MAGs in 
the acetate amended system B6, B29, B30, B35 and B65 were positive. 
A68 was added to the chart as the most abundant AnSR-positive MAG in 
system A (Table 2), and identified as closely related to B6 by the pre-
vious megaBlast analysis. A high-level of amino acid sequence conser-
vation between MAGs A68 and B6 (both classified as Geobacteraceae) 
indicates a potential evolutionarily close relationship with a high syn-
teny degree (Fig. 6). However, B6 is much more abundant in system B 
than A68 is in system A (Table 2). Multiple connections between non- 

Table 2 
Relative abundance of MAGs in the unamended system and the acetate-amended 
system that contain a significant proportion of genes for dissimilatory sulfate 
reduction (DSR) or anaerobic sulfite reduction (AnSR).  

System MAG Rel. abundance of MAG in the 
system 

Fisher test 
positive 

AnSR DSR 

Unamended A4 0.5 % ✓  
A8 0.7 % ✓  
A11 0.5 % ✓  
A14 0.4 % ✓  
A26 0.4 % ✓  
A53 0.2 % ✓  
A67 0.3 % ✓  
A68a 1.1 % ✓  
A70 5.0 %  ✓ 

Rel. abundance of MAGs containing pathway 4.0 % 5.0 %  

Acetate- 
amended 

B6a 18.0 % ✓  
B7 0.2 %  ✓ 
B20 0.8 % ✓  
B24 0.4 % ✓  
B29 11.3 %  ✓ 
B31 0.5 % ✓ ✓ 
B34 2.2 % ✓ ✓ 
B58 0.2 %  ✓ 
B59 0.2 % ✓ ✓ 
B68 0.5 % ✓ ✓ 

Rel. abundance of MAGs containing pathway 22.7 
% 

15.1 
%  

a MegaBLAST indicates that A68 and B6 are a pair of very similar MAGs. 

Fig. 5. Heat map showing the distribution and relative abundance of genes for 
assimilatory sulfate metabolism and dissimilatory sulfate metabolism (ASR and 
DSR pathways). All MAGs containing sulfate metabolism-assigned genes 
(ko00920) were selected for the heat map plot regardless of their statistical 
significance from the Fisher Exact Test performed for assessing either DSR or 
AnSR pathway enrichment. Relative abundance of each gene set (columns) per 
MAG (rows) is represented by Log2(A + 1), where abundance (A) is equal to the 
number of gene copies in the set per MAG multiplied by the MAG’s GCPM 
(genome copies per million reads) calculated through the “quant_bins” module 
from the metaWRAP pipeline. A hierarchical clustering relying on Log2(A + 1) 
values was performed for both rows and columns. For the purpose of this figure, 
anaerobic sulfide reduction has been classed as a DSR pathway. 
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sulfur gene loci suggest that there are additional genetic similarities 
between MAGs in these regions which may or may not relate to sulfate 
metabolism. It is also clear from the plot that gene order is not strongly 
conserved between distantly related MAGs. 

4. Discussion 

4.1. Iron reduction was not the dominant respiratory process in either 
system 

The soil used to establish the microcosms was recovered from a 
former topsoil layer that was beneath a COPR tip and contained about 
~3 % organic carbon and a diverse bacterial population. Prior to re-
covery it was below the perched water table in the waste heap and, as a 
result, this soil was anaerobic and essentially all the microbially avail-
able iron was in the reduced Fe(II) oxidation state. Aqueous Cr(VI) in the 
water used to make the microcosms was very quickly removed from 
solution at the start of the microcosm experiments, most probably by 
reductive precipitation as Cr(III) by Fe(II) oxidation to Fe(III) (Buerge 
and Hug, 1999), but without much decrease in the proportion of the 
microbially available iron present as Fe(II) as it was available in excess. 
Subsequent Cr(VI) spikes were similarly removed very quickly. 

However, given that a very high proportion of the “microbially 
available” Fe was in the reduced Fe(II) oxidation state in both the 
original soil and subsequently through both microcosm series, it is 
interesting that putative iron reduction and probable iron reduction 
genes were found in only 16 % and 6 % of the high-completeness MAGs 
in the unamended and acetate-amended systems. Similarly, putative 
siderophore synthesis genes were found in 9 % and 6 % of high- 
completeness MAGs in the unamended and acetate-amended systems. 

This may reflect that the samples for metagenomic analysis were taken 
at a point when sulfate removal from solution (a marker for sulfate 
reduction) had just started in the unamended system, and sulfate 
removal was well underway in the acetate-amended system (Fig. 2(d)). 
Dissolved sulfide can react quickly with poorly crystalline Fe(III)-(oxy) 
hydroxides when 5 < pH < 9 to produce elemental sulfur, and reduced 
Fe(II) (Canfield et al., 1992; Peiffer et al., 1992; Poulton et al., 2004). 
Dissolved sulfide can also react with Cr(VI) to produce elemental sulfur 
and Cr(III) hydroxides although the reaction is very slow above pH 8 
(Kim et al., 2001). So, once dissimilatory sulfate reduction had become 
established, microbial iron reduction is unnecessary to maintain the 
high proportion of the “microbially available” iron as Fe(II) even when 
the system is spiked with Cr(VI). 

4.2. The importance of sulfate and sulfite reduction in the acetate- 
amended system 

Both DSR and AnSR genes were overrepresented in the acetate 
amended system compared to the unamended system, which is most 
likely a reflection that sulfur reduction was better established in the 
acetate amended system. The classified MAGs which contained AnSR or 
DSR genes were from the phyla Proteobacteria and Firmicutes (Fig. 5). 
Bacteria carrying the dsrAB gene have previously been shown to cluster 
in the phyla Proteobacteria, Firmicutes, and Actinobacteria, with the 
largest group within the δ-proteobacteria (Müller et al., 2015; Wolf et al., 
2022). In contrast bacteria carrying the asrABC genes are spread widely 
among five phyla Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria 
and Spirochaetes. It has been proposed that this pathway is more readily 
transferred by lateral gene transfer, whereas lateral gene transfer of 
dsrAB is not common (Wolf et al., 2022). 

Four MAGs in the acetate amended system carried genes for both 
AnSR and DSR (B34, B31, B68 and B59, in order of relative abundance; 
Table 2, Fig. 5). Whether both activities are expressed under these 
conditions is not known but the dual genetic capability to perform AnSR 
and DSR appears more widespread than generally appreciated. Inter-
estingly, MAGs B31 and B34 (like B6 mentioned above) are δ-proteo-
bacteria. Search of the UniProt database (accessed 6–9-23) reveals 17 
hits for asrA within the δ-proteobacteria, but with the exception of one 
hit, Geobacter sulfurreducens (Inoue et al., 2018), these were from un-
assembled whole-genome shotgun sequencing. This suggests that 
δ-proteobacteria can be added to the list of phyla that have AnSR 
capability. 

The 16S rRNA gene sequence analysis indicates that the conditions in 
the acetate amended microcosms favoured δ-proteobacteria. The MAG 
relative abundance data indicates that the imbalance is largely due to 
the sulfate reducing MAGs B6(A68), B34 and B31 which are associated 
with the orders Desulfuromonadales, Desulfovibrionales and Desulfo-
bacterales, respectively. Interestingly, the 16S rRNA gene analysis shows 
only a small difference in the relative abundance of Firmicutes reads 
between the two systems. Thus, while acetate addition clearly favours 
the growth of δ-proteobacteria that possess the AnSR and/or DSR path-
ways, it does not favour Firmicutes species that possess the AnSR 
pathway. 

Many Geobacteraceae, Desulfovibrionaceae and Desulfobacteraceae 
species are sulfate reducing bacetria, and most Geobacteraceae, many 
Desulfobacteraceae and some Desulfovibrionaceae species can use acetate 
as an electron donor (Thauer et al., 1989; Sun et al., 2000; Lee et al., 
2003; Kuever et al., 2004; Muyzer and Stams, 2008; Röling, 2014). The 
fact that 6 other MAGs in the acetate amended system that possess either 
the AnSR pathway, DSR pathway or both, and 4 MAGs in the unamended 
system that possess the AnSR pathway were taxonomically unclassified 
(Fig. 5), further demonstrates that this environment has a unique mi-
crobial community. 

In the unamended system the relative abundance of MAGs carrying 
AnSR genes was similar to that of MAGs carrying DSR genes, and in the 
acetate-amended system MAGs carrying AnSR genes were slightly more 

Fig. 6. CircosPlot of the most abundant MAGs that contain genes assigned to 
the sulfur metabolism KEGG pathway (ko00920). White and grey rectangles 
represent MAG’s contigs (or NODEs) from the metaWRAP “reassemble_bins” 
module and their respective sizes (in bp). Sequence B29_NODE_2 being the 
longest (220,620 bp) and sequence B35_NODE_627 the shortest (970 bp). Sulfur 
metabolism gene loci are displayed along with their respective relative abun-
dance (same Log2(A + 1) yellow-red colour scale from Fig. 5). Linking lines in 
the middle of the circle correspond to amino acid conservation from a tBlastX 
analysis (e-value <1e− 3, length ≥ 30 aa, and identity ≥50 %). Ribbons depict 
larger conserved genomic regions (>2 kb) from the same tBlastX results, indi-
cating a potentially high degree of synteny. Different line colours are merely for 
the sake of better visualisation. 
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abundant (Table 2). In the human gut microbiome, AnSR genes can be 
twice as abundant as DSR genes (Wolf et al., 2022). Together these 
studies suggest a potential knowledge gap, as there has been far more 
research into the DSR pathway than the AnSR pathway. Importantly, 
studies of sulfate reduction in environmental microbiomes that focus 
solely on the DSR pathway are likely to misrepresent real environmental 
systems. 

4.3. Metabolic capability for oxidation of organic matter 

Oxidation of soil organic matter starts with hydrolysis of complex 
organic molecules to produce aromatics, long-chain fatty acids, amino 
acids, and sugar residues, which are oxidised by bacteria to produce CO2 
and short-chain fatty acids, particularly acetate (Lovley, 1991; Gerke, 
2018). As a result, acetate is available in anaerobic ecosystems and is 
used as an electron donor by anaerobic respiratory bacteria and as a 
substrate for methanogenesis (Thauer et al., 1989; Lee et al., 2003; 
Muyzer and Stams, 2008; Fotidis et al., 2013; Yoon et al., 2013). 
Anaerobic bacterial respiration must have been supported solely by 
electron donors derived from the relic organic matter in the unamended 
system, whereas plentiful acetate was available in the acetate-amended 
system. MinPath indicated that the metabolic capability to oxidise car-
bohydrates, amino acids and aromatic compounds is widespread in both 
systems, with similar proportions of the MAGs encoding genes with 
ability to oxidise these substrates. However, the metabolic capability to 
metabolise fatty acids was more widespread in the unamended system 
than in the acetate-amended system. This difference probably arose 
because the bacterial population in the unamended system evolved to 
metabolise the full range of electron donors originating from the relic 
organic matter, whereas the acetate-amended system could support a 
larger population of bacteria that could respire using acetate as an 
electron donor which anaerobic bacteria usually metabolise via the 
acetyl-CoA pathway (Schauder et al., 1986) or by a modified citric acid 
pathway (Brandis-Heep et al., 1983). 

Bacteroidetes were a dominant phylum in both the unamended and 
the acetate amended microcosms. Bacteroidetes are linked to the 
breakdown of SOM and the abundance of Bacteroidetes species has been 
found to be positively correlated with soil organic C mineralisation rates 
(Fierer et al., 2007). Thus, it is interesting to note that the relative 
abundance of Bacteroidetes species was lower in the acetate-amended 
system, which was less dependent on SOM for electron donors, than in 
the unamended system where anaerobic respiration depended solely by 
electron donors derived from SOM. However, none of the Bacteriodetes 
MAGs in either system contained either the AnSR or DSR pathway even 
though sulfur reduction was, or was becoming, an important metabolic 
process in both systems. 

As a carbon source, acetate releases less energy during dissimilatory 
metabolism than sugar residues and longer chain fatty acids, but the 
yield is still sufficient to support bacterial life (Langmuir, 1997; Scholten 
et al., 2002; Muyzer and Stams, 2008). As a result, many species have 
evolved to oxidise acetate during anaerobic respiration using variously 
nitrate, nitrite, Mn(IV), Fe(III), sulfate and other sulfur species as elec-
tron acceptors (Ingvorsen et al., 1984; Thauer et al., 1989; Lovley et al., 
1993; Caccavo et al., 1994). The electron acceptors are usually 
consumed in the stated order, as there is sequentially less available 
energy from these redox reactions. The addition of acetate as an addi-
tional energy source resulted in the acetate-amended microcosms pro-
gressing further down the cascade of electron accepting processes than 
the unamended system. Thus, it should be anticipated that the acetate- 
amended system supported a larger proportion of bacteria able to use 
sulfate as an electron acceptor. The greater similarity between the 
acetate-amended replicates indicated by the 16S rRNA gene analysis 
suggests that a smaller of range of bacteria in the soil inoculum were 
well adapted to the conditions that developed in the acetate-amended 
system than to those in the unamended system. 

4.4. Comparison with other alkaline environments 

A study of samples from 3 COPR disposal sites in China using 16S 
rRNA gene sequencing concluded that bacterial diversity was inversely 
correlated with Cr concentration and that diversity recovered over a 30 
year time span (Min et al., 2017). This is observation is consistent with 
the finding that the microbial community in the initial soil sample from 
below the COPR waste reported here was quite diverse. The waste was 
tipped >100 years ago and (a)biotic Fe reduction quickly removed Cr 
(III) from solution in the subsurface soil layer. Thus, these populations 
were not exposed to acute Cr toxicity. A major difference is that the 
populations studied by Min et al. (2017) were surface samples, therefore 
from an aerobic environment, whereas the samples in the present study 
were from a depth of 3.4 m and therefore strictly anaerobic. Other 
anaerobic (alkaline) environments that have been studied using meta-
genomic methods include soda lake sediments (Vavourakis et al., 2018) 
and diverse terrestrial, fresh water and marine sediments (Ananthara-
man et al., 2018; Vigneron et al., 2021). These studies all demonstrate 
the importance of dissimilatory sulfate metabolism in these anaerobic 
environments and also the enormous microbial diversity in extreme 
environments that has not been previously described. Our study has 
begun to provide insights into the metabolic capabilities of microbial 
populations at a legacy COPR disposal site which can lead to the 
development of engineering strategies to harness this potential. 

5. Conclusion 

The principal pathways to harm to human health from Cr(VI)- 
containing wastes involve either ingestion or inhalation of the waste, 
or water contaminated by the waste. Dermal exposure to the waste or 
contaminated water is also hazardous. This makes environmental 
remediation of legacy high-lime COPR disposal sites an intractable 
problem because removal and disposal at a licensed landfill is highly 
inadvisable, as it will involve large-scale excavation and transport of the 
waste that will inevitably generate airborne dusts. Capping the waste in- 
situ with an engineered barrier can eliminate direct contact with the 
waste, prevent dust generation, and reduce rainwater infiltration into 
the waste, and thus greatly reduce the risk posed by a COPR tip. How-
ever, it is extremely difficult to prevent all water ingress into a waste 
pile, and thus there is still the potential for the tip to release Cr(VI)- 
contaminated water to the wider environment. 

This work suggest that bacterial processes could be harnessed to 
create a Cr(VI) trap-zone beneath COPR tips without the need to disturb 
the waste. If a suitable electron donor is injected via a borehole into the 
soil beneath a tip, natural soil bacteria without oxygen will respire 
anaerobically reducing nitrate, Mn(VI), microbially available Fe(III) and 
sulfate, in turn. As demonstrated in this study, reduction of sulfate and 
sulfite to produce sulfide can result in Cr(VI) reduction either directly or 
via Fe(II) formation. As the main steps in the redox cascade are mediated 
by numerous common soil bacteria, and since sulfate is a common co- 
contaminant at COPR sites, it should only be necessary to supply a 
sufficient quantity of a suitable electron donor to ensure that Fe(III) and/ 
or sulfate -reducing conditions develop. This study has shown that a 
microbial community with this capability exists within in a low 
permeability soil layer just 0.5 m from the hostile geochemical envi-
ronment within the COPR waste. 
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