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• Pb is a toxic environmental contaminant
and is present at many mining sites.

• Mn(IV)-oxideminerals have a strong af-
finity for metals, including Pb.

• Birnessite cave crusts were associated
with Mn(II)-oxidising microbial com-
munities.

• Bacteriawere isolated that could oxidise
Mn(II) in the presence of Pb.

• Microbial Mn(II)-oxidation proposed to
sequester Pb from contaminatedwaters.
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Lead is a toxic environmental contaminant associated with current and historic mine sites. Here we studied the
natural attenuation of Pb in a limestone cave system that receives drainage from the ancient PriddyMineries, UK.
Extensive deposits of manganese oxides were observed to be forming on the cave walls and as coatings in the
stream beds. Analysis of these deposits identified them as birnessite (δ-MnO2), with some extremely high con-
centrations of sorbed Pb (up to 56 wt%) also present. We hypothesised that these cave crusts were actively
being formed by microbial Mn(II)-oxidation, and to investigate this the microbial communities were
characterised by DNA sequencing, enrichment and isolation experiments. The birnessite deposits contained
abundant and diverse prokaryotes and fungi, with ~5% of prokaryotes and ~ 10% of fungi closely related to
known heterotrophic Mn(II)-oxidisers. A substantial proportion (up to 17%) of prokaryote sequences were
assigned to groups known as autotrophic ammonia and nitrite oxidisers, suggesting that nitrogen cycling may
play an important role in contributing energy and carbon to the cave crust microbial communities and conse-
quently the formation of Mn(IV) oxides and Pb attenuation. Enrichment and isolation experiments showed
that the birnessite deposits contained Mn(II)-oxidising microorganisms, and two isolates (Streptomyces sp. and
Phyllobacterium sp.) could oxidise Mn(II) in the presence of 0.1 mM Pb. Supplying the enrichment cultures
with acetate as a source of energy and carbon stimulatedMn(II)-oxidation, but excess organics in the form of glu-
cose generated aqueousMn(II), likely via microbial Mn(IV)-reduction. In this karst cave,microbialMn(II)-oxida-
tion contributes to the active sequestration and natural attenuation of Pb from contaminated waters, and
thereforemay be considered a natural analogue for the design ofwastewater remediation systems and for under-
standing the geochemical controls on karst groundwater quality, a resource relied upon by billions of people
across the globe.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Lead is a common environmental contaminant, toxic to humans af-
fecting all organs, and a designated mutagen, teratogen, and probable
carcinogen. Pb exposure is thought to cause to >1 million deaths per
year, contribute to the risk of mental disorders, and even low levels of
exposure may cause irreversible effects on child intellectual develop-
ment (O'Connor et al., 2020; Stanaway et al., 2018; World Health
Organisation, 2010). Significant Pb contamination is present in the
Priddy area of the Mendip Hills, Somerset, UK, where galena (PbS)
was mined and processed from pre-Roman times up until the early
20th century (BritishGeological Survey, 2017). Reported concentrations
of Pb in soils in the vicinity of the St Cuthbert's Leadworks, Priddy, range
from 0.18 to 172 g kg−1 (Allison, 2002). Major cave systems underlie
the former Leadworks including the St Cuthbert's Swallet, which is
known to have been impacted by Pb contamination from as early as
1863 (British Geological Survey, 2017). The area has now been desig-
nated as the ‘Priddy Mineries Nature Reserve’, with distinctive habitats,
rich wetland flora, and rare species that thrive on the Pb-rich soils
(British Geological Survey, 2017).

Cave systems provide unique habitats for microbial life andmetabo-
lisms (Summers Engel, 2015), aswell as an opportunity to study subsur-
face processes. The St Cuthbert's Swallet is a 7 km long deep phreatic
cave system developed in steeply dipping Carboniferous limestone de-
posits (Irwin, 1991;Waltham et al., 1997). Manganese oxide cave crusts
have been discovered within the cave system (Bacon, 2014). Mn(IV)
oxide minerals can often be found in caves, with many studies propos-
ing that microbial activity was responsible for their formation
(Northup and Lavoie, 2001; Rossi et al., 2010). Indeed it has been sug-
gested that most naturally-occurring Mn(IV) oxides are likely to be of
biogenic origin (Tebo et al., 2014, 2004). The oxidation of Mn(II) has a
high activation energy, but the reaction can be catalysed by microbial
activity leading to biological Mn(II)-oxidation occurring up to five or-
ders of magnitude faster than abiotic oxidation or surface catalysed ox-
idation (Tebo, 1991), although at pH values>9, abioticMn(II) oxidation
becomes more favourable (Nealson, 2006). Key to the formation of bio-
genic Mn(IV) oxide deposits is a continuous supply of Mn(II), which
commonly occurs at redox interfaces.

Microbial Mn(II)-oxidation can occur directly via Mn oxidases
(heme peroxidases or multicopper oxidases) (Anderson et al., 2009;
Romano et al., 2017;Webb et al., 2005), and/or indirectly via superoxide
formation (Hansel et al., 2012; Learman et al., 2011; Tebo et al., 2005).
Both processes involve the transfer of a single electron to Mn(II),
forming Mn(III) which can be stabilised by ligands and siderophores,
or disproportionate to Mn(II) and Mn(IV) (Duckworth and Sposito,
2005; Geszvain et al., 2012; Tebo et al., 2004). Almost all known Mn
(II)-oxidising microbes are heterotrophs (Tebo et al., 2005), but the
first report of a chemolithoautotrophic Mn(II)-oxidiser in 2020 demon-
strated that a bacterium assigned to the Nitrospirae is able to conserve
energy from extracellular Mn(II)-oxidation coupled to aerobic respira-
tion, and autotrophic C fixation from CO2 (Yu and Leadbetter, 2020).
Mn(II)-oxidising microbes are ubiquitous in the environment and are
phylogenetically diverse, including prokaryotes and fungi (Carmichael
and Bräuer, 2015; Tebo et al., 2005). It has been proposed that intracel-
lular Mn(II) acts as an antioxidant to protect cells from reactive oxygen
species (Daly et al., 2004), while the formation of extracellular Mn(IV)
oxides may benefit microbes by protecting them from environmental
hazards, predation, phage infection or heavy metal toxicity (Tebo
et al., 2005).

Interestingly, the St Cuthbert's Swallet cave system contains de-
posits that are significantly enriched in Pb (Stenner, 1979, 1978,
1977a). These deposits were suspected to be (Stenner, 1977b), and re-
cently confirmed as Mn oxides (Bacon, 2014). Natural and synthetic
Mn oxides are well known to have a strong affinity for heavymetals, es-
pecially Pb (Tebo et al., 2004). NaturalMnoxides are known to scavenge
Pb from lake waters (Dong et al., 2003), soils (McKenzie, 1980), from
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the oceans into deep-sea ocean nodules (Sherman and Peacock, 2010)
and in cave systems. Rossi et al. (2010) reported Mn oxides of biogenic
origin in caves in northern Spain,where theMn oxides had average con-
centrations of 10.4% Zn and 1.2% Pb (from the dissolution of the
sphalerite-galena mineralization hosted by the local geology). Mn ox-
ides have even been proposed as a means to treat Pb-contaminated
wastewaters (Boujelben et al., 2009) and soils (McCann et al., 2015).

Pb exhibits toxic effects in microorganisms, it can bind to sulfhydryl,
phosphate and hydroxyl functional groups, leading to the damage of
DNA, proteins and cell membranes (Kushwaha et al., 2018; Roane
et al., 2015; Van Der Heggen et al., 2010). The particularly high concen-
trations of Pb present in the St Cuthbert's Swallet deposits raises ques-
tions about whether they contain viable microbial communities that
are capable of oxidising Mn(II). Metal-resistance mechanisms (includ-
ing for Pb) are found in many microorganisms, such as using efflux
pumps, binding to metallothionein-like proteins, siderophore produc-
tion, and the precipitation of extracellular Pb minerals (Liang et al.,
2016; Rensing et al., 1998; Schalk et al., 2011; Sharma et al., 2017). Pb
toxicity has been linked to oxidative stress in experiments using Saccha-
romyces cerevisiae; Pb exposure was also shown to cause significant ox-
idative stress leading to apotosis, but adding a scavenger of the reactive
oxygen species enhanced cell survival (Bussche and Soares, 2011). One
of the reasons why microbes form Mn(IV) oxides is thought to be as a
protectivemechanismagainst oxidative stress (Tebo et al., 2005), there-
fore the substantial quantities of Mn(IV) oxides found in the St
Cuthbert's Swallet may represent evidence of scavenging of the reactive
oxygen species produced by the microbial community in response to
the significant levels of Pb contamination.While some of the aforemen-
tioned studies included biogenic or natural Mn oxides, none considered
the effect of Pb on microbial Mn(II)-oxidation. Exploration of this eco-
system could therefore offer insights into microbial functioning in
metal-impacted Mn oxides, and their potential for application in metal
remediation scenarios.

Herewe aimed to investigate the hypothesis that microbial commu-
nities were present in these Pb-richMn(IV) oxide cave crusts, and were
actively contributing to their formation via Mn(II)-biooxidation. The
composition of themicrobial community was characterised and a series
of isolation and enrichment experiments performed, to understand
more about the functions of this microbial ecosystem and associated
biogeochemical interactions, in a unique subsurface environment. The
cave crusts contained diverse and abundant microbial communities,
with many sequences closely related to known Mn(II)-oxidising pro-
karyotes and fungi, and with isolates that were indeed able oxidise
Mn(II) in the presence of Pb. Together this demonstrates howmicrobial
activity can contribute to the natural attenuation of Pb contamination
from historic mining activities.
2. Materials and methods

2.1. Sample collection

Samples of Mn-rich cave crusts were collected from St Cuthbert's
Swallet (Mendip Hills, Priddy, Somerset, UK) by the Bristol Exploration
Caving Club (Table S1). In September 2012, solid samples (cave pebbles
from thefloor of the cave)were collected from sevendifferent locations,
from the entrance down to the furthest point that is accessible (Sump
2), and placed separately into new plastic sample bags formineralogical
characterisation. Eight stream water samples from different positions
(where the cavers were physically able to sample) along the main
cave passage were also taken using dedicated disposable syringes. In
April 2013, additional samples were collected by C.G.D.B from Wookey
Hole Cave chambers at the resurgence of the cave stream at the foot of
the Mendip Hills, approximately 4 km (as measured linearly on the
Earth's surface) from the cave entrance at the top of the Mendip Hills.
These comprised loose sediment and pool water, as well as pore water
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which was collected from sediment in the laboratory by centrifugation
(Eppendorf 5810, 20,900g 5 min).

Samples were collected for microbiological characterisation by the
Bristol Exploration Caving Club in January 2017. These comprised six
solid samples and six cave waters collected from three different loca-
tions within the St Cuthbert's Swallet cave (Table S1, Fig. S1). The sam-
ples were transferred into sterile containers and immediately shipped
to the University of Manchester under ice. The samples were stored in
a cold room in the dark at 10 °C to replicate the conditions in the UK
subsurface.

2.2. Solid phase characterisation

The samples collected in September 2012 were subjected to a suite
of analyses to determine the mineralogy of the cave crusts and the
host phases of the metals. Scanning electron microscopy (SEM) was
performed to collect electron backscatter images, using a Hitachi S-
3500 N SEM equipped with an energy dispersive spectroscopy (EDS)
detector for element quantification.Where possible, small cave pebbles
were either attached to carbon pads on sample holders, or the pow-
dered scrapes of crustswere set in epoxy resin andfinely polished to ex-
pose the grains. EDS point analyses were made on randomly selected
locations on each samplewith aminimum target of 10 separate location
analyses per sample where possible. EDS point analyses had acquisition
times of 60 s. For routine EDS analysis, the detection limits are about
0.1 wt%. The high heterogeneity and diversity of these samples inher-
ently limits the accuracy of the EDS quantifications. Furthermore,
since no reference standard for this material is available to verify the
analysis conditions, the accuracy of the analysis cannot be defined. As
such the individual results should be treated as being semi-quantitative.

X-ray powder diffraction (XRD) and Raman spectroscopy was used
to identify the mineral phases present in crustal material scraped from
a cobble from St. Cuthbert's Sump II. The crust sample selected for
XRD analysis was from the deepest sample location possible in the
cave where all stream waters converge, and shown by EDS to have the
greatest mass of Pb present. XRD was performed using a Philips Xpert
Pro XRD diffractometer with a graphite monochromatized CuKα1
source (k = 1.5406 Å) (generator voltage of 40 keV; tube current of
30 mA). The spectra was acquired from 10 to 90° 2θ, at a 0.02° 2θ step
sizewith 3 s (or 12 s) dwell time per step. Raman spectroscopywas per-
formed using a Thermo Raman spectrometer, calibrated at 532 nm
using a silicon wafer. The reference material of vernadite/birnessite
(δ-MnO2) was made following the method of Villalobos et al. (2003).

To further investigate the relationships between different elements,
μ-X-ray fluorescence (μ-XRF) mapping was performed at the MicroXAS
beamline station, at the Swiss Light Source (SLS). Selected samples from
Wookey Hole Cave Chambers at the resurgence of St Cuthbert's Swallet,
as well as sediment samples from the mines at the entrance to St
Cuthbert's Swallet were mounted in epoxy resin and polished down to
<100 μm thick films. Samples were mounted at 45° from the incident
beam. The fluorescence detector was positioned at 10 cm, 90° from
the incident beam. The beam size was 6 μm horizontal, 3 μm vertical.
The energy used was 13.136 keV, 7th harmonic.

To confirm that the 2017 samples closely resembled the 2012/13
samples, aliquots of cave crusts A2 and B4 were dried, mounted on sili-
con wafers, and gold coated. SEM was performed using a Phillips XL30
ESEM-FEG operated in high vacuum conditions. Images were collected,
and elemental proportions identified on three areas of each sample
using EDS. In addition, total organic carbon (TOC) was measured on
dried powdered cave crusts using a Shimadzu SSM5000A.

2.3. Aqueous geochemistry

For the 2012 cave stream waters, the samples were filtered
(0.22 μm), acidified with 2% HNO3, placed under ice and taken directly
to the Earth Sciences laboratory in Bristol, then refrigerated and
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analysedwithin 48 h after sampling using ICP-OES (Agilent 710). Tripli-
cate samples of cave waters were not logistically practical and because
of the constant flow of the cave waters would have natural heterogene-
ity on short time scales. For analytical control, blank MilliQ water sam-
ples were analysed every three samples to check for cross
contamination and analytical errors. Water quality results by ICP-OES
are approximately ±10 ppb.

To characterise the composition of the cavewaters collected in 2017,
aliquots were immediately filtered (0.45 μm), and the filtrate was
analysed for major anions and volatile fatty acids by ion chromatogra-
phy (Dionex ICS 5000), or acidified with 2% HNO3 and analysed for
metals by ICP-MS (Agilent 7500CX). The pHwasmeasured on the unfil-
tered samples.

2.4. Microbial community characterisation

The 2017 samples were prepared for microbial community analysis.
Immediately after arrival in the laboratory, around 0.25 g of material
was removed from Samples A1, A2, B4 and B6 using a sterile spatula
(Table S1, Fig. S1). Two of the three adjacent samples (A3 and C5)
were rock samples and it was not possible to remove any surface mate-
rial for analysis. DNA was extracted using a QIAGEN PowerSoil DNA ex-
traction kit, amplified and visualised to identify the presence of
prokaryotic and eukaryotic microbial communities. The prokaryotic
DNA was amplified using the universal 16S rRNA amplicon primers 8F
and 1492R (Lane, 1991), eukaryotic DNA using the EUKF and EUKR
primers (Medlin et al., 1988) and fungal DNA using the Internal Tran-
scribed Spacer region (ITS) primers ITS1F and ITS4 (Brown et al.,
1993; Gardes and Bruns, 1993). The purity of the polymerase chain re-
action (PCR) products was determined by visualisation under short-
wave UV light after stainingwith Sybersafe® and separation by electro-
phoresis in Tris-acetate-EDTA gel. No bands were visible for Sample A1,
indicating that it was unlikely to contain sufficient DNA for sequencing.
The abundance of DNAwas determined in Samples A2, B4 and B6 using
quantitative PCR (see the Supplementary Material for details).

To characterise the prokaryotic community present in Samples A2,
B4 and B6, the 16S rRNA amplicon was sequenced using the Illumina
MiSeq platform (Illumina, San Diego, CA, USA) targeting the V4 hyper
variable region (forward primer, 515F, 5′-GTGYCAGCMGCCGCGGTAA-
3′; reverse primer, 806R, 5′-GGACTACHVGGGTWTCTAAT-3′) for
2 × 250-bp paired-end sequencing (Illumina) (Caporaso et al., 2012,
2011). PCR amplification was performed using Roche FastStart High Fi-
delity PCR System (Roche Diagnostics Ltd., Burgess Hill, UK) in 50 μL re-
actions under the following conditions: initial denaturation at 95 °C for
2 min, followed by 36 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for
1 min, and a final extension step of 5 min at 72 °C. The PCR products
were purified and normalised to ~20 ng each using the SequalPrep Nor-
malization Kit (Fisher Scientific, Loughborough, UK). The PCR amplicons
from all samples were pooled in equimolar ratios. The run was per-
formed using a 4 pM sample library spiked with 4 pM PhiX to a final
concentration of 10% following the method of Schloss and Kozich
(Kozich et al., 2013).

To characterise the fungal community present in Samples A2, B4 and
B6, sequencing of PCR amplicons of the ITS2 region of nuclear ribosomal
DNA was conducted with the Illumina MiSeq platform (Illumina, San
Diego, CA, USA), targeting the ITS2 internal transcribed spacer region
between the large subunit (LSU) and the 5.8S ribosomal genes (forward
primer, ITS4F, 5′-AGCCTCCGCTTATTGATATGCTTAART-3′, reverse
primer, 5.8SR, 5′-AACTTTYRRCAAYGGATCWCT-3′) (Taylor et al., 2016)
for 2 × 300-bp paired-end sequencing (Illumina) (Caporaso et al.,
2012, 2011). PCR amplification was performed using Roche FastStart
High Fidelity PCR System (Roche Diagnostics Ltd., Burgess Hill, UK) in
50 μL reactions under the following conditions: initial denaturation at
95 °C for 2 min, followed by 36 cycles of 95 °C for 30 s, 56 °C for 45 s,
72 °C for 2 min, and a final extension step of 5 min at 72 °C. The PCR
products were purified and normalised to ~20 ng each using the
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SequalPrep Normalization Kit (Fisher Scientific, Loughborough, UK).
The PCR amplicons from all samples were pooled in equimolar ratios.
The run was performed using a 10 pM sample library spiked with 10
pM PhiX to a final concentration of 10% (Kozich et al., 2013).

16S rRNA gene and ITS amplicon sequence data were processed
using QIIME2 software 2019.1 release (Bolyen et al., 2019) following
the “Moving Pictures” tutorial (QIIME2docs, 2020). The DADA2 plug-
in (Callahan et al., 2016) was used for quality control and amplicon se-
quence variance (ASV) assignment. The Silva database v. 132 (Quast
et al., 2013) was used for the classification of bacterial 16S rRNA gene
ASVs and the UNITE database v. 8.2 (Nilsson et al., 2019) was used for
the classification of fungal ITS ASVs. For 16S rRNA datasets, ASVs classi-
fied as chloroplast or mitochondria were removed and for ITS datasets,
ASVs classified as archaea, bacteria, or other non-fungal eukaryotes
were removed. For further analysis, ASVs that were detected above 10
in negative controls were removed. Blastnwas used to identify the clos-
est GenBank matches (NCBI, 2020). For fungi, the ITS Reference Se-
quences search was used (NCBI, 2015).

Functional abundances were predicted based on 16S rRNA gene se-
quences using PICRUSt2 software v. 2.2.0 (Douglas et al., 2019) follow-
ing the tutorial provided by the developer (Douglas, 2019). The
relative abundance of predicted genes was calculated by dividing the
abundance of each gene by the sum of all gene abundances per sample.
There are limitations that should be considered with this approach.
PICRUSt2 searches the query sequences through a reference genomic
tree and uses the functional profile of the closest relatives (Douglas,
2020); the genomic profile of prokaryotes can vary even at strain
level, while the 16S rRNA sequences have limited resolution. FUNGuild
software v 1.0 (Nguyen et al., 2016) was used to obtain functional guild
composition of ITS fungal data. Details of the command lines used are
provided in the Supplementary Material.

2.5. Isolation and enrichment of Mn(II)-oxidising microorganisms

To investigate whether active Mn(II)-oxidising microorganisms
were present within the metal-rich cave crusts, isolation experiments
were performed using freshwater minimal medium (mM NaHCO3 30,
NH4Cl 4.7, KCl 1.3, NaH2PO4·H2O 4.3, yeast extract 0.1, HEPES 20,
trace vitamins and minerals, after Lovley et al., 1991 and Tebo et al.,
2014) agar plates at pH 7.0, with 10 mM acetate or 10 mM glucose as
the carbon source and 1 mM MnCl2 as the source of Mn(II). The cave
crust Sample A2 was selected for use in the isolation experiments due
to its higher Mn content, and because more colonies formed in prelim-
inary tests. Aliquotswere suspended in sterile deionisedwater and used
to inoculate the plates, which were incubated in the dark at 20 °C. Con-
trol plates were not inoculated to identify the occurrence of any abiotic
Mn(II)-oxidation. The formation of Mn(IV) oxides was identified using
leucoberbelin blue (LBB) dye (Tebo et al., 2014).

After observing the growth of fungi on the plates but not the pres-
ence of Mn(IV) oxides, a 1% Nystatin solution (0.02 g Nystatin in 4 mL
DMSO) was added to the freshwater minimal medium plates to inhibit
fungal growth. Subsequently the growth of brown colonies was ob-
served which tested positive for Mn(IV) oxides using the LBB dye;
these isolates were sub-cultured and maintained on freshwater mini-
mal medium plates. To investigate whether the isolates could grow,
and oxidise Mn(II) in the presence of high concentrations of lead,
0.1 mM (21 mg L−1) of Pb as PbCl2 was added to freshwater minimal
medium agar plates, with acetate or glucose as the carbon source and
with and without 1 mMMnCl2 as the source of Mn(II).

The isolates were visualised using SEM and optical microscopy. Col-
onies were mobilised by adding around 20 μL of sterile deionised water
to the plates, and then dropped onto glass slides for optical microscopy,
or for SEM onto silicon wafers, air dried and gold coated. SEM was per-
formed using a Phillips XL30 ESEM-FEG operated in high vacuumcondi-
tions. Secondary electron (SE) and backscatter secondary electron (BSE)
images were collected. The presence of Mn minerals was identified
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using an EDAX Genesis EDS system. Sanger sequencing was used to
identify the isolates (see the Supplementary Material for details).

Experiments were performed to enrich for Mn(II)-oxidising micro-
organisms and monitor the associated geochemical changes. Four ali-
quots of the cave crusts (0.15 g) were diluted into 15 mL of filter-
sterilised deionised water, shaken, and 0.3 mL of this suspension was
used to inoculate 30 mL of freshwater minimal medium, as described
above but omitting the agar, in 250 mL Erlenmeyer flasks closed with
a foam bung and capped with Al foil. The flasks were stored at room
temperature on an orbital shaker (110 rpm). Initial tests showed that
Mn(II) was removed from solution within 3 days in the experiments
and controls, primarily due to the formation of Mn(II)‑carbonate and
Mn(II)–phosphate minerals (precipitates identified via X-ray diffrac-
tion, Bruker D8 Advance) rather than abiotic oxidation. To avoid this ef-
fect, the freshwater medium was modified by replacing the HEPES
bufferwithMOPS (23mM), omitting theNaHCO3 and lowering the con-
centration of NaH2PO4.2H2O from4.3mM to 0.43mM.Again, 10mMac-
etate (as CH3COONa, 20 mM C) or 10 mM glucose (as D-glucose C6H12,
O6, 60 mM C) were supplied as the carbon source and 0.1–0.15 mM
MnCl2was added as the source ofMn(II). AqueousMn(II) in enrichment
media was determined by the formaldoxime colorimetric assay (Tebo
et al., 2014). A calibration curve was made with known MnSO4·H2O
standards from 0 to 5 ppm, and selected results were confirmed with
ICP-AES (Perkin-Elmer Optima 5300 DV).

3. Results and discussion

3.1. Geochemistry and mineralogy of the cave crust samples

Electron microscopy showed that the cave crusts had rough, irregu-
lar, amorphous botryoidal textures, high surface areas, and concentric
growth patterns in cross sections (Fig. 1). The convex-outward micro-
lamination and stromatolite-like textures are consistentwith ferroman-
ganese formations observed in other cave systems around the world,
and are suggestive of a biogenic origin (Carpenter et al., 1978;
Carpenter and Hayes, 1980; Gázquez et al., 2012, 2011; Rossi et al.,
2010; White et al., 2009).

SEM and EDS analysis of cave crusts from a wide selection of sample
locations in the St Cuthbert's Swallet cave system confirmed that these
crusts were composed predominantly of an amorphous Mn phase with
major enrichment of heavy metals, most notably Pb (up to 55.8 wt%)
(Table S2).

The EDS analysis revealed that the Pb and Zn in these crusts were
distributed throughout the concentric layers of cave crusts and present
across the wide range of the sample locations. Covariant plots of Pb and
Zn against Fe and Mn showed that for most samples there was a fairly
strong positive correlation (R2 0.46–0.76) between Pb and Mn
(Fig. 2A), but not particularly with Fe (Fig. S2). The EDS analysis also re-
vealed a highly varied stoichiometry of Pb/Zn and Mn, and some sam-
ples contained little Pb or Zn relative to Mn.

μ-XRF mapping results confirmed the strong relationship between
the elemental distributions of Pb and Mn and the weaker relationship
between Pb and Fe (Fig. S3). Zn appeared to be mostly associated with
Fe rather thanMn, therefore Znwas not considered further in this man-
uscript. The relationship between Pb and Mn in the external sediment
samples near the cave entrance indicates that sediment Mn phases are
also important hosts of Pb outside the cave environment and this war-
rants further investigation in a future article.

XRD analysis was performed to identify the bulk mineralogy of the
Mn oxides. Identification of natural Mn oxide phases is often challeng-
ing because of the typical poor crystallinity and presence of silicates
and clay minerals as common impurities/co-phases (Potter and
Rossman, 1979a) and it is difficult to apply the Rietveld refinement to
the XRD data (Julien et al., 2003). The XRD spectrum had broad asym-
metric peaks at 7.84 Å, 3.86 Å, 2.42 Å, and 1.41 Å (Fig. 2B). Such spectra
are characteristic of hydrated materials with nanoparticulate particle



Fig. 1. SEM images of the cave crusts. A (scale bar 500 μm) and B (scale bar 100 μm): BSE images of pebbles sampled from St. Cuthbert's Sump II. C (scale bar 100 μm) and 1D (scale bar
200 μm): BSE images of cave sediment particles (showing polished cross sections of the particles) sampled fromWookeyHole Cave Chambers 2/3. These appear to show concentric layers
of growth and are possibly detrital phases, which formed in the upper parts of the cave system (such as Sump II) and washed downstream.

L. Newsome, C.G.D. Bacon, H. Song et al. Science of the Total Environment 754 (2021) 142312
size, poor crystallinity, andwithmuch structural disorder (‘turbostatic’)
(Learman et al., 2011; Potter and Rossman, 1979b, 1979a). The XRD
spectrum of the cave mineral is shown to be consistent with the XRD
spectrum of synthetic vernadite/birnessite (δ-MnO2) which was made
following the method of Villalobos et al. (2003), including with sorbed
Pb (Bacon, 2014) (Fig. 2B).

Raman spectroscopy is useful for characterising poorly crystalline
minerals by the presence of diagnostic vibrational bands. Birnessite-type
(δ-MnO2) Mn oxide phases typically feature low Raman activity and
have three major features usually at 500–510, 575–585 and
625–650 cm−1, with the two higher bands most dominant (Julien et al.,
2003). Raman analyses of the cave crusts further support the identity of
Fig. 2. Characterisation of the Pb-rich Mn cave crusts. A) EDX analysis: element covariance plot
crust from St Cuthbert's Swallet Sump II (b) synthetic δ-MnO2 with high loading of sorbed Pb
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the cave deposits as being δ-MnO2 (Fig. S4). The peak for the high band
in most of the samples was observed to be slightly higher than that for
pure birnessite. A frequency shift of the high-wavenumber stretching
mode has, however, been attributed to a function of the interlayer spacing
in birnessite-type manganese dioxides (Julien et al., 2003). For the St
Cuthbert's Swallet cave samples, this shift is considered to be related to
the presence of Pb and Zn forming surface complexes at the vacancy
sites (see below). This is supported by a peak shift of the Raman spectrum
of synthetic vernadite/birnessite (δ-MnO2) with sorbed Pb (Fig. S4).

The identification of birnessite in St. Cuthbert's Swallet cave system is
consistent with studies of other caves around the world, where the pre-
dominant natural Mn oxide present is generally birnessite (Potter and
s of Pb and Mn from cave crust samples, St. Cuthbert's Swallet. B) XRD spectra of: (a) cave
(46 wt%) and (c) synthetic δ-MnO2 only.



Table 1
Microbial community abundance and diversity.

Sample A2 Sample B4 Sample B6

Number of prokaryotic ASVsa 1604 3041 2377
Shannon diversity prokaryotesa 6.21 7.04 6.66
16S rRNA pg g−1 sample 7.71 8.01 3.04
Number of fungal ASVsb 260 673 487
Shannon diversity fungib 4.74 5.74 5.65
18S rRNA pg g−1 sample 1.36 1.81 0.69

a Bacterial sequences were subsampled into 187,032 reads per samples.
b Fungal sequences were subsampled into 60,801 reads per samples.
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Rossman, 1979a; Rossi et al., 2010; White et al., 2009). However, it is no-
table that the high enrichment of heavy metals recorded here exceeds
heavy metal enrichments reported previously in other cave systems
around the world (e.g. Rossi et al., 2010), making the St Cuthbert's mine
and cave system of particular environmental significance.

Birnessite consists of nanoparticulate 2D sheets (phyllomanganates)
of edge-sharing Mn(IV) octahedra (MnO6) The sheets are highly disor-
dered (turbostatic) and have an average thickness of 11 nm and width
of 35 nm, separated at 10 Å basal plane spacing by H2O molecules
(Bargar et al., 2009). Surface areas for birnessite are reported to be high:
746 m2 g−1 (Drits et al., 1997) and 900 m2 g−1 (Lanson et al., 2000).
Aqueous metal species can sorb onto birnessite by forming outer-sphere
surface complexes, or inner-sphere surface complexes, above negatively
charged structural vacancy sites on the {001} surfaces of the Mn octahe-
dra sheets (Grangeon et al., 2010; Manceau et al., 2002; Villalobos et al.,
2005). The particularly high sorption affinity of birnessite for transition
metals compared to other sorbent oxides (i.e. goethite) is attributed to
birnessite having a low point of zero charge (PZC) of ~2.3, and a high sur-
face area (Matocha et al., 2001; Tonkin et al., 2004). The sorption (surface
complexation) reactions betweenmetals and birnessite are dependent on
the pH of the solution, have rapid kinetics, andmay be the paramount re-
actions controlling aqueous metal concentrations (and therefore bioac-
cessibility) in a range of environmental settings (e.g. Beak et al., 2008;
Morin et al., 2001; O'Reilly and Hochella, 2003).

In summary, the geochemical and mineralogical analyses revealed
that the St Cuthbert's Swallet cave crusts are mainly composed of poorly
crystalline birnessite-type (δ-MnO2) Mn oxide phases that in places
hold a substantialmass of Pb and to a lesser extent Zn. The layered texture
of the minerals suggests a biogenic origin. EDS analyses showed that Mn
and Pb are generally positively correlated, and that the Pb and Zn are dis-
tributed throughout the layered crusts, not just on the surface. The varied
stoichiometry of the crusts indicates that Pb and Zn are sorbed and incor-
porated into the birnessite continuously as the oxides form in the stream
passages. The proportions of the entrained metals are controlled by the
available flux of dissolved metals and solution pH, rather than precipitat-
ing as distinct mineral phases such as cerussite (PbCO3) or chalcophonite
((Zn,Mn,Fe)Mn2O5·n H2O), which were not observed.

3.2. Microbial community characterisation

3.2.1. Sample description
To characterise the microbial community and the potential for mi-

crobial Mn(II)-oxidisers, three samples of brown/black cave crusts and
Fig. 3.Cave crust samples. A) Collection of Sample A2, scale bar ~10 cm. B) Sample A2 general te
Sample B4. E) Sample B4 general texture, SE, scale bar 20 μm. F) Sample B4 possible bacterium
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three adjacent samples were collected from the St Cuthbert's Swallet
cave system in January 2017. The cave crust samples A2 (Fig. 3A, B)
and B4 (Fig. 3D, E) were characterised by SEM and EDS to confirm
that they were similar to those previously analysed. Both contained
Mn and Pb, with concentrations much higher in Sample A2 (Mn 21 ±
0.4%, Pb 21 ± 1%) compared to Sample B4 (Mn 6 ± 2%, Pb 6 ± 2%).
The differences in concentration are likely due to the texture of the
crusts; Sample A2 was obtained from a coating on a hard pebble, there-
fore the subsample analysed was predominantly the Mn crust. Sample
B4 was more friable and therefore the subsample contained less crust
and more sand and silt. These concentrations were in the same range
as previously observed (Table S2). Features suggestive of microbes
were observed in both samples, including potential fungal hyphae
(Fig. 3C) and bacterial cells (Fig. 3F). The samples contained similar
amounts of organic carbon, with 0.68% TOC present in Sample A2 and
0.62% in Sample B4.

3.2.2. Microbial diversity
DNA was extracted from the three Mn(IV) oxide cave crust samples

(A2, B4 and B6), and the marker genes for prokaryotes and fungi were
sequenced to characterise the composition and diversity of their micro-
bial communities. Sample A1 was collected adjacent to Sample A2 and
was assessed visually to not contain Mn(IV) oxides; DNA extraction
was attempted from Sample A1 as a control but the amount recovered
was insufficient for sequencing. This may indicate that the prokaryotic
and eukaryotic community in the cave materials was insignificant com-
pared to the Mn(IV) oxide crusts.

Prokaryotic diversity in the cave crusts was high,with Shannon indi-
ces >6 reported and large numbers of ASVs (Table 1). The quantity of
prokaryotic DNA was broadly similar to that for Mn(IV)-oxides in cave
systems in the USA, in the order of 5 × 107 copy numbers per gram
xture, SE, scale bar 50 μm. C) Sample A2 possible hyphae, SE, scale bar 5 μm.D) Collection of
, SE, scale bar 5 μm.
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compared to between 7 × 107 and 2 × 109 copy numbers per gram pre-
viously reported (Carmichael, 2012). Together this indicates that the
cave crusts contained diverse and abundant prokaryotic communities.

Eukaryotic DNA was also abundant, although around one order of
magnitude lower than prokaryotic DNA (Table 1). The abundance of eu-
karyotic DNA was comparable to that previously reported for fungi in a
Mn(IV) oxide cave systems in the USA, with 2 × 106 copy numbers per
gramhere, compared to between not detected and 6.5 × 107 copy num-
bers per gram(Carmichael, 2012). The number of fungal ASVswasmore
variable, with the highest values observed for Sample B4.

There is no indication that the high Pb in Sample A2 (~21%) com-
pared to B4 (~6%) adversely affected the microbial community abun-
dance or diversity, given the amount of DNA was similar in Samples
A2 and B4 and there were only slightly fewer prokaryotic ASVs and a
slightly lower Shannon index for Sample A2. However Sample A2 did
have the fewest fungal ASVs. A previous study observed that the pres-
ence of 1–3% Pb in soils impacted on fungal community diversity and
richness but not the bacterial community (Hui et al., 2012). The similar
increased sensitivity of fungi to metals compared to bacteria may also
be reflected in the results from St Cuthbert's Swallet, although more
samples would be required to confirm this.

3.2.3. Prokaryotes
At the phylum level, the most abundant bacterial phyla were the

Proteobacteria (24–33%), Acidobacteria (17–20%) and Planctomycetes
(10–14%) (Fig. 4). The Archaea comprised 3–8% of the prokaryotic com-
munity detected, predominantly Thaumarchaeota (3–7%). The results
Fig. 4. Phylogenetic diversity for bacteria in the Mn(IV)-oxide cave crusts. Phyla and classes de
‘others’.
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for Samples B4 and B6 appeared broadly similar to each other, perhaps
reflecting their collection from the same part of the cave system, Sample
A2was less similarwhichmaybe due to itsmore distant locationwithin
the cave. Sample A2 contained 30–40% more Proteobacteria and
Planctomycetes than Samples B4 and B6; these are common and diverse
phyla frequently found in environmental samples suggesting that trans-
port from the surface environment may be more significant in this area
of the cave. On the other hand Sample A2 contained 30–60% fewer
Thaumarchaeota, Nitrospirae, Bacteroidetes and Rokubacteria.

The Thaumarchaeota and Nitrospirae phyla formed a substantial pro-
portion of Sample B4 (5.3% and 6.0% respectively) and Sample B6 (7.1%
and 4.8%), but were less abundant in Sample A2 (2.7% and 2.1%). The
Thaumarchaeota were predominantly Nitrososphaeria, including
Nitrosopumilaceae (2.7–4.8%), Nitrososphaeraceae (0.0–0.9%), and
Nitrosotaleaceae (0.0–1.9%); all of whose cultivated organisms are aerobic
ammonia-oxidising chemolithoautotrophs (Kerou et al., 2016; Könneke
et al., 2005; Pester et al., 2012). The Nitrospirae were assigned to
Nitrospira (2.1–6.0%); a comammox bacterium capable of full nitrification
byoxidising both ammoniumandnitrite (Daimset al., 2015). Thismay in-
dicate that inorganic nitrogen-based metabolisms and autotrophy could
provide a source of carbon and energy for the cave crust microbial com-
munities. Both phyla have previously been identified in speleothem sur-
faces from a carbonate cave, with metagenome analyses confirming the
presence of ammonia monooxygenase and nitrite oxidoreductase genes
(Ortiz et al., 2014). Nitrospirae were also found tomake up 5% of the pro-
karyotic community in waste from a Mn-removing water treatment
works (McCann et al., 2015). The cave crust samples did not contain
tected >0.5% on average are illustrated. Those <0.5% at the class level are represented as
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sequences assigned to the Candidatus Brocadiales, anaerobic ammonia-
oxidising Planctomycetes (van Niftrik and Jetten, 2012), suggesting that
aerobic ammonia oxidisers were predominant.

Within the Bacteroidetes phylum, the Chitinophagaceae (1.7–5.6%),
Flavobacteriaceae (0.2–3.3%) and Microscillaceae (0.5–1.1%) were the
predominant families; these mostly comprise aerobic
chemoorganotrophs, although there are some facultative anaerobes
(Hahnke et al., 2016; McBride, 2014; Rosenberg, 2014). The
Rokubacteria phylum is most closely related to the Nitrospirae
(Becraft et al., 2017), and the cave crust sample sequences were
assigned to the Rokubacteriales (3.9–5.1%) and Methylomirabilaceae
(1.0–2.7%). Uncultured Rokubacteriales have previously been identified
in karst caves, although at average abundances of <1% (Zhu et al., 2019).
The Rokubacteria genome includes genes that encode for aerobic respi-
ration and fermentation, heterotrophy, nitrogen reduction and nitrifica-
tion, indicating a diverse metabolic potential (Becraft et al., 2017). The
Methylomirabilaceae are known to contain nitrite-reducing methane-
oxidising bacteria (Graf et al., 2018).

At the ASV level, the five most frequently detected ASVs for each
sample represented 5.5–9.5% of the prokaryotic community (Table S3).
Samples B4 and B6 shared two of the most abundant ASVs, whereas
Sample A2 did not share any, again perhaps reflecting the different
area from which the samples were collected within the cave system.
Notably some of themost abundant ASVs were closely related to uncul-
tured prokaryotes from manganese deposits (ASVs 4, 7, 8, 9, 12, 24),
cave systems and karst (ASVs 2, 5, 6, 9, 11, 12, 24, 27), and metal-
impacted sediments (ASVs 2, 12, 16, 24); conditions which are all rele-
vant to the present study.

In total, the cave crusts contained 86 prokaryotic ASVs assigned to
known Mn(II)-oxidising genera, with Mn(II)-oxidisers estimated to
make up between 5.2 and 6.3% of the prokaryotic community in the
three samples. These included the known heterotrophic Mn(II)-
oxidising genera Terrimonas (1.2–5.3%), Flavobacterium (0.2–3.3%),
Pedomicrobium (0.3–2.5%), and Hyphomicrobium (0.2–0.4%)
(Carmichael and Bräuer, 2015). Some of the most abundant ASVs
were closely related to bacteria from Mn(IV) minerals, Mn crusts, and
Fe\\Mn nodules and concretions. Together this indicates that bacteria
from Mn(II)-oxidising environments were relatively common, and
may have contributed to the formation of the Mn(IV) oxide deposits
St Cuthbert's Swallet cave crusts. No evidence was observed for se-
quences closely related to Candidatus Manganitrophus noduliformans
- the key chemolithoautotrophic Mn(II)-oxidising bacterium identified
by Yu and Leadbetter (2020).

Interestingly, many of the most abundant ASVs were closely related
to prokaryotes from a range of soil and water environments from stud-
ies on nitrogen cycling, including ammonia oxidation, nitrite oxidation,
and ureolysis (ASVs 2, 3, 5, 6, 8, 11, 12, 24, 27) (Table S3). For example,
ASV3 and ASV5 were closely related to Candidatus Nitrosopelagicus
brevis strain CN25, an ammonia-oxidising archaeon (Santoro et al.,
2015). ASV6 and ASV12 were closely related to uncultured bacteria
from studies of ammonia oxidation. ASV24 was assigned to the
Betaproteobacteria family Nitrosomonadaceae, for which all cultured
representatives are lithoautotrophic ammonia oxidisers (Prosser et al.,
2014). ASV11 and ASV27 were closely related to Nitrospira spp. capable
of full nitrification (Daims et al., 2015). In total, at least 7.3–17% of se-
quences were assigned to ammonia-oxidising prokaryotes
(Nitrosomonadaceae, Nitrososphaeria, Nitrospira), and 2.1–6.0% to the
nitrite oxidising Nitrospira genus. This suggests that N cycling is likely
to play an important role in these cave crusts. A previous study showed
that it was possible to add ammonia to stimulate autotrophic nitrifiers
to generate small amounts of organic carbon as a waste product,
which then acted as a substrate for heterotrophic Mn(II)-oxidisers
(Cao et al., 2015). Applying these findings to the St Cuthbert's Swallet
cave crusts, suggests that the energy supporting the microbial commu-
nity growth in the cave crusts could come from autotrophic ammonia
oxidation and nitrification.
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PICRUSt2 was used to predict the presence of functional genes based
on 16S rRNA sequence data. The 10 most abundant functional genes in
the samples predicted by PICRUSt2 were mostly housekeeping genes
(Fig. S5A). To find outmore details on potential redox biotransformations,
metal resistance and respiratory processeswe interrogated the dataset for
particular genes that may be involved in these processes (list provided as
Table S4). Analysis shows that the predicted functional gene abundance
profile was very similar for all three samples, suggesting high functional
redundancies across the samples (Fig. S5). From the selected gene set
(Table S4), predictions of themost abundant genes reflected the expected
functioning of a Mn(IV) oxide microbial community, comprising genes
associated with Mn(II)-oxidation, oxidative stress defence (Mn(IV) ox-
ides are highly oxidising) and aerobic respiration (Fig. S5B).

Cytochrome c oxidase was predicted to be one of themost abundant
genes in the samples (0.54–0.58%) (Fig. S5). This is a heme group oxido-
reductase which has previously been implicated in Mn(II)-oxidation;
cytochrome c oxidase defective mutants of Pseudomonas putida were
unable to oxidiseMn(II) but this ability was restored upon complemen-
tation of themutation (Caspi et al., 1998). The gene that encodes for the
active Mn oxidase in Bacillus spp. (Romano et al., 2017) was not pre-
dicted to be present in this dataset.

A number of genes involved in oxidative stress response were also
predicted to be present including peroxiredoxin (0.29–0.31%), superox-
ide dismutase (0.19%), and thioredoxin-disulfide (0.23–0.24%)
(Fig. S5B). Peroxiredoxins are ubiquitous antioxidant peroxidase en-
zymes with redox-active cysteine residues that can reduce hydrogen
peroxide and may be play a role in protecting against reactive oxygen
species (Oláhová et al., 2008). Superoxide dismutase is another antiox-
idant enzyme that catalyses the transformation of superoxide into O2

and hydrogen peroxide. Mn(IV) oxides are thought to be formed by ox-
idation of Mn(II) by microbially-produced superoxide, so it follows that
the microbial community is predicted to be able to deal with excess su-
peroxide and hydrogen peroxide that may be present. Both
peroxiredoxins and superoxide dismutase have also been linked to
heavy metal resistance (Oláhová et al., 2008; Schmidt et al., 2007).
Thioredoxin-disulfide reductase is a ubiquitous enzyme involved in
the reduction of NADPH to maintain intracellular proteins in a reduced
state (Arnér and Holmgren, 2000), and thioredoxins have been shown
to control oxidative stress response in bacteria (Zeller and Klug, 2006).

Mn(IV) oxides are commonly formed by heterotrophs, therefore it
was unsurprising that the presence of genes associated with aerobic res-
piration was predicted: for example succinate dehydrogenase (ubiqui-
none) (0.29–0.30%), pyruvate dehydrogenase (lipoamide) (0.23–0.25%),
dihydrolipoyl dehydrogenase (0.19–0.21%), and fumarate hydratase
(0.18–0.19%) were all predicted and are part of the glycolysis and tricar-
boxylic acid cycle. Given that C is often limited in oligotrophic cave envi-
ronments, and that sequences closely related to known autotrophic
ammonia oxidisers were identified, the dataset was also interrogated
for the presence of potential marker genes for autotrophic respiration.
Genes related to Calvin cycle – phosphoglycerate kinase (0.14–0.15%)
and ribulose-bisphosphate carboxylase (0.02–0.03%) – were predicted,
demonstrating the potential for autotrophic acquisition of carbon in the
cave crust microbial community.

After identifying that putative ammonia and nitrite oxidisers formed
a substantial proportion of the prokaryotic community, the dataset was
searched for predictions of the genes associated with these processes.
Genes associated with ammonia oxidation (Daims et al., 2016), ammo-
nia monooxygenase (0.004–0.011%) and hydroxylamine dehydroge-
nase (0.0002–0.0012%) were predicted at very low relative
abundances in our samples. Gene involved in nitrite oxidation (Caspi,
2012), nitrite reductase (0.019–0.039%), nitric-oxide reductase
(0.002–0.007%) and nitrous oxide reductase (0.006–0.011%) were also
predicted at very low abundances. Although PICRUSt2 is a powerful
tool for predicting functional gene abundances, shotgun metagenomic
sequencing could be used to confirm these predictions as part of future
studies.
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3.2.4. Fungi
The fungal community was identified by ITS sequencing. At the phy-

lum level, the St Cuthbert's Swallet cave crusts were dominated by se-
quences assigned to the Ascomycota (59–76%), Rozellomycota
(4–26%), and Basidiomycota (8–21%), with only 2–4% sequences unas-
signed based on the UNITE database (Fig. 5). Samples A2, B4 and B6
each appeared to be considerably different at the class level. FUNGuild
analysis showed many sequences were assigned to saprotrophs and
plant pathogens (Fig. S6).

At the ASV level, the five most frequently detected fungal ASVs in
each sample represented 11–26% of the community. Samples B4 and
B6 shared three of same most abundant ASVs, whereas Sample A2
shared two with Samples B4 and B6 (Table S5). Of the most abundant
fungal ASVs, two were most closely related to known Mn(II)-oxidising
genera (Carmichael and Bräuer, 2015); ASV 519 (1.5–5.5%) was most
closely related to Plectosphaerella spp. and ASV 42 (0.6–3.7%) to
Cladosporium spp. (Table S5). In addition, three of the most abundant
OTUs were assigned to Helotiales (ASV 371, 570, 645), which contain
known Mn(II)-oxidisers (Miyata et al., 2006; Schweisfurth, 1971).

In total, 41 ASVs were closely related to known Mn(II)-oxidising
genera (Carmichael and Bräuer, 2015; Hofrichter, 2002) representing
9.6–9.9% of the fungal community. These including those assigned to
the Plectosphaerella (2.9–7.0%), Cladosporium (0.6–5.0%), Acremonium
(0.5–1.3%),Microdochium (0.4–0.5%), and Pyrenochaeta (0.1–0.6%) gen-
era. This indicates that fungi with the potential for Mn(II)-oxidation
were relatively common, and may have contributed to the formation
of the Mn(IV) oxide deposits St Cuthbert's Swallet cave crusts. A previ-
ous study ofMn oxide-associatedmicrobial communities inmine-water
remediation systems (but with no Pb present) showed that the fungal
taxonomic profiles correlated better than bacterial communities with
Mn removal (Chaput et al., 2015), highlighting the importance of
fungi in driving Mn(II)-oxidation these systems.

3.2.5. Summary of microbial community composition
The cave crusts contain abundant and diverse prokaryotic and fungal

communities, the composition of which suggests they are capable of re-
spiring using organic and inorganic C and N compounds. A substantial
proportion of sequences were closely related to known heterotrophic
Mn(II)-oxidising prokaryotes and fungi, and genes that have been
Fig. 5. Phylogenetic diversity for fungi in the Mn(IV)-oxide cave crusts. Phyla and classes
detected >0.5% on average are illustrated. Those <0.5% at the class level are represented
as ‘others’.
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implicated in Mn(II)-oxidation formed a substantial proportion of the
gene profile predicted by PICRUSt2. Together this highlights the poten-
tial for the cave crusts being formed bymicrobial activity. However, this
analysis was performed at the genus level, and although the DNA
contained sequences assigned to genera with Mn(II)-oxidisers were
present, this does notmean that theMn(II)-oxidising specieswere pres-
ent, nor that they were actively oxidising Mn(II) in the cave crust sam-
ples. Therefore, isolation experiments were required to identify if key
components of the cave crustmicrobial communitywere able to oxidise
Mn(II), and if so, could they function in the presence of high concentra-
tions of Pb.

The functioning of microbial communities in oligotrophic cave envi-
ronments clearly warrants further investigation, particularly the role of
autotrophic ammonia and nitrite oxidisers. As well as in caves these
groups have been identified in various Mn(IV) oxides, including in
wastewater remediation systems (Cao et al., 2015; McCann et al.,
2015). The interactions between nutrient availability, autotrophic and
heterotrophic metabolisms and Mn(II)-oxidation should be explored
in future studies, together with the implications for contaminant
transport.

3.3. Isolation and enrichment of Mn(II)-oxidising microorganisms

A series of isolation and enrichment experimentswere performed to
identify the presence of active Mn(II)-oxidising microorganisms in the
cave crust samples. Additional experiments were performed to assess
whether they could still oxidise Mn(II) in the presence of Pb, to reflect
the cave crust environment.

3.3.1. Isolation and identification of Mn(II)-oxidising microorganisms
Freshwater minimal medium agar plates were supplemented with

acetate or glucose to stimulate heterotrophic growth in the presence
of Mn(II)Cl2. Cultures were observed for colour changes that indicate
the formation of typically brown/blackMn(IV) oxides, and the presence
of Mn(IV) oxides was confirmed using the LBB dye test.

The acetate and glucose plates were both observed to become
colonised by different types of fungi, with visible hyphae. A black
coloured fungus was isolated (Fig. S7) and Sanger sequencing showed
it was closely related to Cladosporium sp., a known Mn(II)-oxidiser.
However, the isolate did not produce Mn(IV) oxides (LBB dye test),
and similar colonieswere later observed to formon the control plate. Al-
though sequences closely related to Cladosporium spp. were identified
in the cave crust samples, it is well known that Cladosporium spp. are
commonly isolated from air (Bensch et al., 2012). Therefore no further
analyses were performed on this fungal isolate.

A fungicide (Nystatin)was subsequently added to themedium to fa-
vour the growth of Mn(II)-oxidising prokaryotes. Brown coloured colo-
nies were identified, isolated, and the presence of Mn(IV) oxides
confirmed using the LBB dye test (Fig. S8). No Mn(IV) oxides formed
on the control plates, indicating that abiotic Mn(II)-oxidation was not
significant. In total six strains of Mn(II)-oxidising heterotrophic bacteria
were isolated, four on glucose plates and two on acetate plates, indicat-
ing both organic substrates could support microbial Mn(II)-oxidation
(Table S6). All of the isolates had a rectangular rod-shaped morphology
with cells approximately 1 μm long (Fig. 6).

Three of the isolates (B, D, E) from the glucose plates were most
closely related to Streptomyces ederensis, suggesting they were the
same organism (Table S6). Interestingly, they were similarly closely re-
lated to a Streptomyces sp. isolated on Pb-enriched plates, from a study
of siderophore production by metallotolerant bacteria isolated from
the rhizosphere (Złoch et al., 2016). SEM imaging showed that Isolates
B and D formed straight sporophores (Pridham et al., 1958) (Fig. 6A,
C). The presence of extracellular electron-dense minerals was observed
using BSE imaging, these varied froma 10 μmwell-defined angular crys-
tal structure (Fig. 6B) to a 2 μm rounded cluster (Fig. 6C); both were
confirmed to contain Mn using EDS. The other isolate (G) from the



Fig. 6. SEM images of isolates and Mn(IV)-oxides. A) Isolate D (S. ederensis), SE, scale bar 10 μm. B) Mineral from the centre of panel A at enhanced magnification, BSE, scale bar 5 μm.
C) Isolate B (S. ederensis), SE, scale bar 5 μm. D) Isolate G (P. loti), SE, scale bar 10 μm. E & 6F) Isolate A (S. fulvissimus), SE, scale bars 10 μm.
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glucose plates was closely related to Phyllobacterium loti (Table S6) and
formed straight chains (Fig. 6D). Although it was very similar in appear-
ance to Isolate B (Fig. 6C), they were from different phyla
(Proteobacteria, Actinobacteria). Both isolates (A, C) from the acetate
plates were most closely related to Streptomyces fulvissimus, suggesting
theywere the same organism (Table S6). SEM imaging showed Isolate A
formed flexuous (Fig. 6E) or biverticillus (Fig. 6F) sporophores
(Pridham et al., 1958).

Organisms most closely affiliated with the Streptomyces and
Phyllobacterium genera formed <0.05% of the prokaryotic community
sequenced from Sample A2, indicating that a relatively small proportion
of the prokaryotic community was represented by the isolates. Strepto-
myces spp. are spore-forming aerobic chemoheterotrophic
Actinobacteria, that produce an extensively branched mycelium, can
break down complex organic matter and are ubiquitous in soils
(Kämpfer, 2006). Streptomyces spp. are commonly found in studies of
cave environments, and are known superoxide dismutase producers
and Mn(II)-oxidisers (Carmichael and Bräuer, 2015; Schmidt et al.,
2007; Timonin, 1950). Phyllobacterium spp. are part of the Rhizobiales
order and are typically aerobic heterotrophs (Willems, 2014), found in
association with plants including as endophytes and in the rhizosphere
(Mantelin et al., 2006). Phyllobacterium spp. have also been isolated
from caves (Jurado et al., 2005), but to the best of our knowledge
there are no previous data demonstrating that they can produce super-
oxide dismutase or oxidise Mn(II).

Given the high Pb and Zn content of the cave crusts it is worth noting
that both Streptomyces and Phyllobacterium spp. have both been shown
to be metal-resistant. A Streptomyces sp. isolate could grow in the pres-
ence of 6.3 mM Pb (Zanardini et al., 1997), another isolated from a for-
merUmine sitewas shown to tolerate a range of heavymetals (Schmidt
et al., 2007), and a novel Streptomyces sp. (S. plumbiresistens) was iso-
lated from lead-contaminated soils and shown to have a minimum in-
hibitory concentration of 4 mM Pb2+ (Guo et al., 2009).
Phyllobacterium spp. have previously been isolated from the rhizo-
sphere of plants colonising mine tailings and also observed tolerate
heavy metals, including 5.8 mM Pb (Ma et al., 2013; Zappelini et al.,
2018). Both Streptomyces and Phyllobacterium spp. secrete siderophores
(Ma et al., 2013; Patzer and Braun, 2010), which are known to detoxify
heavy metals and benefit microbial communities.

3.3.2. The impact of Pb on the Mn(II)-oxidising isolates
The six isolates were inoculated onto additional freshwater medium

plates containing 0.1 mM Pb to investigate the impact of Pb on their
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growth. All the isolates were observed to grow on freshwater minimal
medium plates containing 0.1 mM Pb (Fig. S9), suggesting that Pb was
not toxic at this concentration. Similar growth was observed on the
plates containing 0.1mMPb andMn(II), however, only the four isolates
on glucose plates (Isolates B, D, E, G; most closely related to S. ederensis
and P. loti) produced Mn(IV) oxides under these conditions (Fig. S9),
identified via the LBB dye test. Although the isolates closely related to
S. fulvissimus could oxidise Mn(II) on acetate plates with no Pb present,
they were unable to formMn(IV) oxides on plates with 0.1mM Pb. This
could be due to variability within the Streptomyces genus, or may indi-
cate that glucose respiration had beneficial effects for stimulating mi-
crobial Mn(II)-oxidation in the presence of Pb for Streptomyces spp.

3.3.3. Enrichment of Mn(II)-oxidising microorganisms
Enrichment experiments were performed by inoculating aliquots of

the cave crusts (Sample A2 and B4) into liquid freshwater minimal me-
dium containingMn(II) and acetate or glucose, as an alternativemethod
to isolate Mn(II)-oxidising microorganisms. Similar results were ob-
tained for the two cave crusts samples, but the outcomes contrasted
for the different electron donor amendments.

The acetate-amended experiments showed that Mn(II) was re-
moved from solution, with aqueous concentrations decreasing from
an initial 150–190 μM to 0–30 μM after 12 days (Fig. 7A). A slight de-
crease was also observed in the uninoculated controls, from around
155 to 120 μM, demonstrating a small, but significant amount of abiotic
Mn(II)-oxidation occurred. The pH remained circumneutral in the abi-
otic controls, but increased from 7.0 to 7.8 in the inoculated experi-
ments. This can be explained by the microbial catabolism of acetate to
produce bicarbonate, leading to a slight increase in pH. Together these
results suggest that acetate amendment stimulated heterotrophic me-
tabolism in the cave crust microbial communities, which enhanced
the oxidation of aqueousMn(II) present in themedium, and its removal
from solution as insoluble Mn(IV) oxide minerals.

Conversely, the glucose amended enrichments showed that inocula-
tion with cave crust materials caused Mn(II) to be released to solution,
from an initial 100–210 μM to 280–670 μM after 7 days (Fig. 7B). This is
likely due to solubilisation of cave crust material bymicrobial Mn(IV)-re-
duction coupled to glucose respiration (Lovley et al., 2004). This was
somewhat unexpected given the experiments were conducted under
oxidising conditions, although rapid switching between Mn(IV)-oxida-
tion and Mn(II)-reduction is known to occur in redox fluctuating condi-
tions, and Mn(IV)-reduction has previously been observed to occur in
aerobic incubations (Bratina et al., 1998). Furthermore, previous work



Fig. 7. Cave crust enrichment experiments using two aliquots of Sample A2 and two of
Sample B4. A) Acetate amended. B) Glucose amended.
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has noted that richmedia are not suitable for cultivatingMn(II)-oxidisers
due to them being outcompeted by fast-growing heterotrophs (Cao et al.,
2015). A considerably larger quantity of aqueous Mn(II) was produced in
one of the enrichments from cave crust Sample A2, which may be due to
the higher Mn content, heterogeneity in the amount of cave crust added,
or the proportion or growth rate of Mn(IV)-reducing microorganisms in
the inoculum. Between day 7 and day 12 the concentrations of aqueous
Mn(II) decreased slightly in three of the samples (to 190–660 μM), per-
haps representing a shift frommicrobial Mn(IV)-reduction to Mn(II)-ox-
idation, although concentrations did continued to increase in one of the
enrichments from Sample B4.

The controls behaved similarly to the acetate-amended experi-
ments, with a slight decrease observed in the uninoculated controls,
from around 110 to 90 μM, again demonstrating a small, but significant
amount of abiotic Mn(II)-oxidation occurred. Again the pH remained
circumneutral in the abiotic controls, but in the glucose amended inoc-
ulated experiments it decreased from 7.0 to 6.5. This can be explained
through the aerobic respiration of glucose by microorganisms generat-
ing acidity such as through pyruvic acid formation. Together these re-
sults demonstrate that amending the cave crust samples with glucose
stimulated the release of Mn as aqueous Mn(II), likely via by microbial
Mn(IV)-reduction. They support the idea that the availability of sub-
stantial quantities of organic matter inhibit microbial Mn(II)-oxidation
in an environmental community (Cao et al., 2015), and instead stimu-
late microbial Mn(IV)-reduction and solubilisation.
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3.3.4. Summary of isolation and enrichment of Mn(II)-oxidising
microorganisms

Three strains of Mn(II)-oxidising bacteria were isolated from the St
Cuthbert's Swallet cave crusts, most closely related to S. ederensis,
P. loti and S. fulvissimus. To the best of our knowledge this is the first re-
port of Mn(II)-oxidation by a Phyllobacterium spp. All isolates could
grow in the presence of Pb, which reflects their known metal-
resistance abilities. Although these genera made up a relatively small
proportion of the cave crusts, both S. ederensis, and P. loti were shown
to be able to oxidise Mn(II) in the presence of Pb, suggesting that they
may play a role in forming the cave Mn oxides deposits.

The enrichment experiments showed that organic carbon availabil-
ity is likely to control whether Mn(II)-oxidation or Mn(IV)-reduction
occurs, with Mn(II)-oxidation favoured under more C-limited condi-
tions. An interesting contrastmay be observed by comparing the enrich-
ments and the isolates. In the enrichments glucose amendment led to
Mn(IV)-reduction being the dominant processes, observed by the pro-
duction of aqueous Mn(II). In contrast, glucose agar plates were
shown to stimulate Mn(II)-oxidation by the S. ederensis and P. loti
isolates, particularly when Pb was present. This difference could be
explained by Mn(II)-oxidation being outcompeted by Mn(IV)-reduc-
tion in the enrichments which contained complex microbial
communities, while clearly there will be no competition effects when
working with isolates.

3.4. Cave waters

Given the substantial amount of Pb incorporated into the cave crusts,
and that the capacity for active microbial Mn(II)-oxidation in the pres-
ence of Pb has been demonstrated, it is interesting to reflect on how
this microbial activity may impact on contaminant transport within
the cave system. Historic mining activities contaminated the local sur-
face environment with high levels of Pb (Allison, 2002; British
Geological Survey, 2017), which over time have been transported into
the cave system and accumulated in the Mn-oxide cave crusts (Fig. 2).
To investigate recent cave water geochemistry, six samples were col-
lected and analysed for metals and biogeochemical indicator parame-
ters in January 2017, together with twelve samples analysed for
metals (eight samples from 2012 and four from 2013). Concentrations
of major anions and cations (Table S7A) were similar to values previ-
ously reported for the surface streams that supply the cave, except for
Ca which was an order of magnitude higher in surface waters
(Knights and Stenner, 2001).

For the 2017 samples, the four samples from Location A (Fig. S1) and
one from Location C were broadly similar, while the sample from Loca-
tion B was somewhat different (Table S7A). Compared to the other
water samples, Sample W-B5 had higher concentrations of Na, Cl, K,
phosphate, nitrate and sulfate. Higher salt and higher nutrients could ei-
ther suggest a different source of the water, and/or the closer proximity
of Location B to the surface. A previous study of surface water
hydrochemistry showed seasonal variations in K and nitrate which
were suggested to reflect the use of these nutrients by plants in summer
and their release by decaying vegetation in winter (Knights and
Stenner, 2001). Interestingly, aqueous nitrite, Mn and Fe were detected
in sample W-B5 but not in the other samples, which suggests that the
conditions in Location B within the cave might be slightly more reduc-
ing. Concentrations of Pb, Zn, As and Cu were also highest in sample
W-B5; it is not possible to say whether this was due to the different
source of the waters, the location the sample was collected, or the geo-
chemical conditions. Simple short-chain organic acids (acetic and
formic acids) were detected in four of the six samples. These are
known to provide a source of energy and carbon for heterotrophic
growth, and which may favour the growth Mn(II)-oxidising hetero-
trophs and the formation of Mn(IV) oxides. Unfortunately, we were un-
able to measure ammonium in our laboratories, to see whether it was
present in substantial quantities to support the ammonia-oxidising
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community. Previous work, however, found ammonium concentrations
in the Mendips region to be <1 mg L−1 (Knights and Stenner, 2001).

The St Cuthbert's cave system is spatially complex, and the water
flow influenced by historic mining activity and significant hydrological
changes in the early 1970s and late 1980s (Stenner, 1997). Neverthe-
less, metal concentrations were plotted to give an indication of spatial
variations throughout the cave system (Fig. S10). Although the concen-
trations of Pb were higher in the 2012/13 dataset compared to 2017
(Table S7A, S7B), the same general trendwas observed. The highest con-
centrations of Pb were found in the cave waters closest to the entrance
and mostly decreased throughout the cave system, until no Pb was de-
tected at the stream resurgence. This trend was also observed in a pre-
vious study (Stenner, 1978). One exception to this was the ‘Nr Sump 1/
Pyrolusite’ sample from 2012; this was high in Pbwhichmay have been
caused by a higher sampling of colloids (with sorbed Pb) that passed
through the filter from amore turbid sample (cavers will inevitably dis-
turb the streambed sediments somewhat in order to move through the
passageways).

The dissolved concentrations of Pb and Zn in the cave waters will be
controlled by factors such as the relative abundances in the contami-
nated surface sediments and remaining ore minerals, the relative disso-
lution or precipitation equilibrium constants and kinetics, as well as the
relative sorption affinities with possible sorbent minerals and organic
complexes. Assuming that the cave waters are at chemical equilibrium,
the measured concentrations of dissolved Pb and Zn were below the
saturation concentrations for the dominant Pb and Zn bearing phases
in the region: galena (PbS) and sphalerite (ZnFeS). This means that al-
ternative phases or complexes are controlling the dissolved concentra-
tions of Pb and Zn; in this instance it is likely to be the biogenic Mn
(IV) oxides (Figs. 2, S3).

3.5. A model for the natural attenuation of Pb

Overall the cave water data show that Pb concentrations were
highest at the entrance of the cave, and generally decreased throughout
the cave system. Sediments and crusts within the cave are highly
enriched in Pb (Table S2 and Stenner, 1979), and concentrations were
positively correlated with Mn (Figs. 2, S3). This demonstrates that Pb
is being removed from solution via sorption onto and accumulation
withinMn(IV) oxide deposits. The texture of theMn oxideswas charac-
teristic of biogenic processes (Fig. 1) and tentative fungal hyphae and
bacterial cells were observed (Fig. 3). The cave crusts contained highly
diverse prokaryotic and fungal communities, including a substantial
proportion of DNA sequences closely related to knownMn(II)-oxidising
bacteria and fungi (Figs. 4, 5), together with predicted genes for dealing
with oxidative stress and metal resistance that would be expected in a
Mn(II)-oxidisingmicrobial community. Moreover, Mn(II)-oxidisingmi-
croorganismswere enriched (Fig. 7A) and isolated (Fig. 6) from the cave
crusts,with the isolates shown to actively growand produceMn(IV) ox-
ides in the presence of Pb.

Therefore, we propose that microbial Mn(II)-oxidation is actively
contributing to the sequestration of Pb in the St Cuthbert's cave system.
Pb is removed from groundwater by forming surface complexes onto
actively forming microbial Mn(IV) oxide deposits, which act as a filter
to naturally attenuate contaminant transport in this system. The mi-
crobes benefit from the formation ofMn(IV) oxideminerals as the sorp-
tion of Pb extracellularly will offer protection from oxidative stress and
other toxic effects caused by contact with heavy metal contamination.
The scavenging of trace elements by Mn oxides has been shown to
play an important role in reducing the fluxes of a range of contaminants
and limit the availability of micronutrients in many other karst caves
(M.J. Carmichael et al., 2013; S.K. Carmichael et al., 2013; Dale et al.,
2015). Ford and Williams (2007) estimate that approximately 25% of
the world's population depends partly, or solely on karst groundwater,
therefore the importance of understanding the geochemical controls
on the quality of these waters is essential. The formation of Mn(IV)
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oxides by microbial Mn(II) oxidation also has broader implications in
controlling contaminant behaviour in sediments and waters (Hinkle
et al., 2017; Kay et al., 2001; Plathe et al., 2013; Sherman and Peacock,
2010), demonstrating the wider environmental relevance of the pro-
cesses identified in the St Cuthbert's Swallet.

The remobilisation and stability of the Pb in these cave crusts is an
important consideration. We tentatively propose that because of the
broad experimental sorption edges of Pb on birnessite, (which reach
maximum sorption above pH ~5 (Bacon, 2014)), under the ambient
circumneutral pH conditions in the caves the Pb surface complexes on
the birnessite will remain stable, maintaining the very low dissolved
Pb concentrations in the waters. This could be tested in future with ex-
periments whereby cave crust samples are placed in different pH solu-
tions. This can be also assessed with an appropriate and validated
surface complexation model (see below). Incidental ingestion of Pb-
bearing soils and sediment is a major exposure pathway for Pb. Beak
et al. (2008) report that 12wt% Pb on birnessitewas effectively irrevers-
ibly bound under conditions of pH 1.8 after 24 h, simulating the human
gastrointestinal tract (in vitro). However, desorption of up to 45 wt% Pb
from Pb-loaded birnessite was observed to be ~99% fully reversible at
pH ~1 after 4 weeks duration (Bacon, 2014). Further research on the
possible hysteresis and kinetics of Pb sorption/desorption on birnessite
under a range of loadings and conditions is therefore needed. The Pb-
loaded cave crusts can also be dislodged over time by the stream
water, and there is evidence that over time this material has been
transported downstream and deposited within the sediment of the
River Axe valley (Bacon, 2014). Reductive dissolution of the birnessite
undermore reducing redox conditionsmay also liberate Pb. Further ex-
perimental work on the stability of the Pb-bearing birnessite cave sam-
ples under different environmental conditions is needed to assess this
possible remobilisation mechanism.

To assess whether surface complexation of Pb (and Zn) onto
birnessite in the soils and sediment of the Mendip caves is controlling
the observed dissolved concentrations, and to test whether these sur-
face complexes are stable under the current (and alternative) geochem-
ical conditions simple Kd models will not suffice; surface complexation
models are needed (Bethke and Brady, 2000). These require a
molecular-level understanding of the surface complexation structures
(i.e. coordination) and surface site properties, as well as themass action
expressions and corresponding equilibrium constants (Sherman, 2009;
Wang and Giammar, 2013). Surface complexation models have rarely
been applied for simulating sorption as part of contaminant fate and
transport studies, owing to a dearth of structural information for the
specific interaction(s), as well as insufficient evidence to support in-
cluding such models. Appropriate surface complexation models of Pb/
Zn onto birnessite are essential for further investigation of the natural
attenuation given by these cave deposits, and such work is in prepara-
tion for future publication.

4. Conclusions

The St Cuthbert's Swallet cave is an interesting and possibly unique
cave ecosystem where the natural attenuation of environmental Pb-
contamination is occurring. The Mn(IV) oxide cave crusts were highly
enriched in Pb, yet contained diverse and abundant microbial commu-
nities, with many sequences closely related to known Mn(II)-oxidising
prokaryotes and fungi. Isolation experiments confirmed that active
Mn(II)-oxidation by bacteria from the Streptomyces and Phyllobacterium
genera was possible, including in the presence of Pb.

Microbial Mn(II)-oxidation requires a source of energy and carbon,
which are not always readily available in oligotrophic cave systems. In
St Cuthbert's Swallet, there is evidence for trace amounts of organic
acids (up to 1.8 μM acetate and 1.5 μM formate) in some groundwaters
that could support heterotrophic growth. Indeed our enrichment exper-
iments showed that acetate stimulated the formation of Mn(IV) oxides,
but excess organics caused Mn(IV)-reduction to dominate and the
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mobilisation of Mn(II). As well as this, the role of C fixation by autotro-
phic ammonia and nitrite oxidation is likely to be important in the St
Cuthbert's cave crusts, and thewaste products from this process provide
a source of energy and C to support theMn(II)-oxidisingmicrobial com-
munity. Given that these ammonia and nitrite oxidisers have been iden-
tified in other Mn(IV) oxide deposits, further exploration of links these
groups is clearly warranted, as is the impact of the availability of organic
substrates on controlling these natural attenuation processes. It would
also be interesting to undertake further isolation experiments using
the methods of Yu and Leadbetter (2020) to observe whether the cave
crusts contain chemolithoautotrophic Mn(II)-oxidising bacteria.

In summary, the biogeochemical conditions in St Cuthbert's Swallet
favour microbial Mn(II)-oxidation and the active sequestration of Pb
from groundwaters, representing a natural analogue from where les-
sons can be learned to aid the design of remediation systems for
metal-impacted waters.
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