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ABSTRACT

Microbial rock weathering of shale forms an important part of global biogeochemical cycling
and soil formation. Culture-independent analyses have revealed diverse microbial communities
in weathered shale environments, yet few studies have attempted to discern the functional
ecology of such communities in relatiFon to their rock weathering capabilities. In this study,
phenotypic plate assays were used to determine the abundance of microbes with different rock
weathering phenotypic traits in weathered shale environments. A physicochemical parameter
(pH) is shown to influence the abundance of aerobic rock weathering microbes in weathered
shale. Iron and manganese oxidizers were restricted to acidic environments, while siderophore
producing and alkaline phosphatase producing microbes were largely confined to pH neutral
environments. Furthermore, a clear separation in the spatial distribution of aerobic iron
oxidizing and siderophore-producing microbes, as defined by a pH gradient across the sites
sampled, was demonstrated. Phylogenetic analysis of isolates revealed that siderophore
producing and alkaline phosphatase producing bacteria belonged to commonly identified rock
weathering genera including Arthrobacter, Pseudomonas and Streptomyces. These results
enhance our understanding how physicochemical parameters can define the composition and

rock weathering potential of microbial communities.

KEY WORDS

Functional ecology, iron oxidizers, siderophore producers, microbial rock weathering, pH

INTRODUCTION

Shale rock comprises 25 % of the Earth’s exposed continental landmass (Amiotte-Suchet et al.
2003) and forms two thirds of all sedimentary rock deposits (Ilgen et al. 2017). The weathering

of shale in the natural environment therefore makes a significant contribution to global
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biogeochemical cycles (e.g. C, Fe and S) and soil formation (Uroz et al. 2009; Brantley et al.
2012). The role of microbes in the weathering of shale has been extensively studied in natural
environments (Petsch et al. 2001; Petsch et al. 2005; Joeckel et al. 2005; Cockell et al. 2011;
Yesavage et al. 2012; Zhu and Reinfelder, 2012; Li et al. 2014; Wlodarczyk et al. 2018).
However, most of these studies have used culture-independent phylogenetic analysis and/or
biogeochemical data to infer the impact of microbial activity on rock weathering processes,
rather than directly quantify the rock weathering potential, or the phenotypic traits, of microbes

present in those environments.

The phenotypic capabilities of rock weathering microbes have been of significant interest to
those studying shale weathering within industrial contexts. For example, harnessing microbial
activity within shale has been proposed to enhance metal recovery from low-grade ores (Anjum
et al. 2012; Kutschke et al. 2015). Furthermore, microbial rock weathering activity has been
indicated to increase environmental pollution from mining wastes (Wengel et al. 2006;
Kalinowski et al. 2006) and to contribute to rock expansion in shale bedrock, causing
significant damage to infrastructure (Anderson, 2008; Hoover and Lehmann, 2009). Such
application-focused studies often quantify the biologically enhanced rate of elemental leaching
from rock as a measure of the weathering potential of individual microbial strains (Tasa et al.
1997; Anjum et al. 2010) or microbial communities (Lee et al. 2005; Matlakowska et al. 2012;
Wilodarczyk et al. 2015). These studies have revealed numerous microbial rock weathering
mechanisms including the oxidation of iron (Tasa et al. 1997, Grobelski et al. 2007; Spoalore
et al. 2011) secretion of siderophores (Kalinowski et al. 2006, Wlodarczyk et al. 2015) and
organic acid production (Anjum et al. 2010; Wlodarczyk et al. 2016) that result in the enhanced

dissolution and degradation of shale.

Functional ecology is the study of the functional roles species play within their native
ecosystem (Prosser et al. 2007). Within the context of geomicrobiology, one approach to

3
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explore the functional ecology of weathered rock environments is through the use of agar plate
phenotypic assays, which allow microbial isolates with specific capabilities to be identified
(Hirsch et al. 1995). Microbial colonies grown on a defined agar type can be recorded as
positive or negative for a phenotype based upon a visual test result (Schwyn and Neilands,
1987; Pérez et al. 2007). Matlakowska and Sklowdowska (2009) used this approach to
characterise eight bacterial strains isolated from black shale, determining their ability to
degrade a variety of recalcitrant organic compounds (e.g. phenanthrene), produce degradative
enzymes (e.g. dioxygenases), to uptake and degrade metalloporphyrins, and to produce
siderophores. As black shale is rich in sedimentary organic matter (2-15 % weight
composition), the ability of shale-inhabiting organisms to degrade organic matter contributes
to their ability to weather shale. Matlakowska and Sklowdowska (2009) demonstrated that
while some capabilities were shared by most of the isolates (e.g. haem degradation), only one
isolate was identified that could produce dioxygenases and degrade phenanthrene. From a
microbial ecology perspective, it is interesting to consider if the differences in rock weathering
potential between isolates can be explained by the environmental conditions in which those
isolates were obtained. The rock weathering effect of microbes is known to be constrained by
the physicochemical parameters of their surrounding environment (Calvaruso et al. 2006;
Calvaruso et al. 2010). For example, as ferric iron is significantly less soluble at pH values
above 4, the production of siderophores in pH neutral environments to increase iron
bioavailability is advantageous to capable organisms (Kalinowski et al. 2006). In contrast, the
bioenergetic favourability of aerobic iron oxidation is known to increase below pH 4 (Hedrich
et al. 2011). Therefore, the abundance of siderophore-producing and iron oxidizing microbes
across rock weathering environments could be predicted to be negatively correlated, but there

is a lack of empirical evidence from culture-based studies to support this hypothesis.
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Chen et al. (2016) investigated the variability of weathering potential across 150 bacterial
isolates obtained from across a weathered rock gradient (less-altered siltstone, more-altered
siltstone and soil). To quantify rock weathering potential of isolates, the authors quantified the
enhancement of elemental leaching from unaltered siltstone, the secretion of siderophores and
the release of organic acids in liquid-rock culture. They identified numerous differences in
these capabilities between isolates obtained across the weathered rock gradient, with isolates
taken from soils having a greater ability to leach iron, silicon and potassium from the rock
compared to isolates from less-altered rock. Interestingly however, the extent of siderophore
production (a rock-weathering trait) did not significantly vary between isolates taken from

across the weathered rock gradient (Chen et al. 2016).

In this study, we attempt to determine if rock surface pH influences the distribution of microbes
with rock weathering phenotypic traits, which could constrain the potential for microbial
communities to contribute to weathering processes. We chose six phenotypic plate assays that
enrich for: 1-2) isolates that grow on nutrient agar (at both neutral and acidic pH), 3)
siderophore producers, 4) alkaline phosphatase producers, 5) iron oxidizers and 6) manganese
oxidizers. These assays have been used to enumerate the presence of these phenotypic trait
groups in samples taken from across eroding shale cliffs and other weathered shale

environments on the North Yorkshire coastline, UK.

Coastal erosion of the rocky cliffs on the North Yorkshire coastline is a pervasive hazard and
poses substantial risk to infrastructure (Guthrie and Lane, 2007; Rosser et al. 2013). Recent
studies have obtained accurate rates of erosion (Lim et al. 2005; Rosser et al. 2007) and
attempted to determine which geomorphological processes constrain those rates (Lim et al.
2010; Van Jones et al. 2015). An important finding of this work is that cliff erosion at studied
sites was best described by progressive rock mass deformation, with rock falls of smaller

magnitude proceeding larger magnitude events (Lim et al. 2010). The role of rock weathering
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processes, including microbial activity, which could accelerate the rate of these low magnitude
events was explored in our previous work (Cockell et al. 2011; Samuels et al. 2019). This study
has continued to use the North Yorkshire coastline to investigate microbial shale weathering
activity, based upon the significant environmental and economic consequences that weathering

processes potentially impact.

METHODS

Field sites and sample collection

Rock and water samples were obtained across nine different sites on the North Yorkshire
coastline (Figure 1) in August 2015. The following is a list of these sites with their numeric
ID: 1) cliff surface at Hole Wyke, a bay near to Boulby Head, 2) cliff surface revealed by a
rock fall at Hole Wyke, 3) walls of jet mines located near Tellgreen, 4) cliff surface at
Keldhowe Steel, 5) ochreous water from a stream within Deepgrove quarry, 6) outcrop surface
at Sandsend Ness quarry 7) scree slope of Gaytres quarry, 8) walls from one of the levels of
Assholm cement stone mines and 9) cliff surface at Saltwick Bay. These sites include a variety
of natural weathered cliff outcrops (sites 1-2, 4 and 9) and historic industrial sites including
quarries (5-7) and mines (3 and 8). The position of these sites, including that of the whole
sampling area on the UK coastline, can be seen in figure 1; representative images of some of

these field sites can be seen in figure 2.

Samples obtained in this study came from strata within two geological stages within the Early
Jurassic period (Hobbs et al. 2012). Samples taken at sites 1 and 2 were from pyritous shale in
the Redcar Mudstone Formation (RMF), deposited during the Pleinsbachian stage (182.7-190.8
Ma). All other samples were taken from two members (Alum shales and Mulgrave shales) of
the Whitbian Mudstone Formation (WMF), deposited during the Toarcian stage (174.1-182.7
Ma). Samples taken from sites 3-6 and 7-9 were taken from the Mulgrave shale and Alum shale

6



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

members respectively. The mineralogy of both the RMF and WMF are similar, being largely
comprised of quartz (24-31 %), mica (34-42 %) and kaolinite (16-21 %), with minor amounts
of pyrite (2-5 %). All shales contained sedimentary organic matter in the form of type II
kerogen (1.5-5.5 %), and are enriched in a number of metallic elements including iron and
manganese (Hobbs et al. 2012). Further information on the geology and geochemistry of the
sampling sites can be found in Samuels (2018) and selected references within (in particular,

see Hobbs et al. 2012).

Sites were chosen based upon evidence of rock weathering at that site. Weathered surfaces of
shale rock in these environments were heavily coated in red and purple mineral deposits that
in appearance could be putatively identified as ferromanganese deposits (Figure 2), which are

heavily comprised of iron and manganese oxides and hydroxides (Carmichael et al. 2013).

Previous geochemical characterisation of weathered shale on the North Yorkshire coastline
(Cockell et al. 2011) demonstrated that weathered rock surfaces were coated in authigenic iron
oxyhydroxides and localised acicular, platy and aggregated gypsum. Geochemical analyses of
rock on the North Yorkshire coastline established the high abundance of both iron (5.88-11.04
%) and manganese (160-550 ppm) within the shale strata (Gad et al. 1968). Phylogenetic
analysis of the microbial community inhabiting the rock surface revealed a single iron
oxidizing microbial species (Acidiferrobacter thiooxydans) within a low-diversity microbial

community dominated by Proteobacteria (Cockell et al. 2011).

Within each sampling site, multiple locations (i.e. different spots on a cliff surface) were chosen
for sampling. The number of locations sampled at each individual site varied (2-5), based upon
the availability of surfaces to sample: site 1 (2 locations), site 2 (3), site 3 (4), site 4 (2), site 5
(2), site 6 (2), site 7 (2), site 8 (5) and site 9 (3). A flame sterilised rock hammer was used to

either break away or dislodge pieces of bulk rock or saprolites (chips of slaked, weathered rock)
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from rock surfaces into Whirlpak© bags. Water from a stream running through Deepgrove
quarry was collected in 50 mL Falcon tubes. A water sample was included in this study due to
the abundance of ochre material visually identifiable within the water (Figure 2F), that
appeared to be weathered mineral products derived from the surrounding rock. Samples were
kept at ambient temperature until return to the University of Edinburgh, whereupon they were
stored at 4 °C until use. Due to the large number of samples to be processed, it took one month
to finishing processing and plating out all samples. Storing samples at 4 °C for a prolonged
period potentially affected microbial viability within the samples. However, the storage

conditions were the same for all samples, meaning they should have effected equally.
pH measurements

Within one month of collection, ferromanganese crusts on shale samples were scraped from
rock surfaces using a scalpel. Care was taken to only scrape surface coatings until un-weathered
rock below was revealed, to obtain the most representative estimate of rock surface pH. Rock
chips from all sampling locations within a site were pooled, due to the low mass of scrapings
that could be obtained from samples taken at any one sampling location. For each pH
determination, 50 pg of scrapings were suspended in 2 mL of Milli-Q filtered water and
allowed to equilibrate for 30 minutes. Triplicate measurements were then taken for each
equilibrated sample. For water samples collected at Deepgrove quarry, the pH of the sample
was measured directly. All pH values were converted into hydrogen ion concentrations for use

in the statistical analyses (see results, figure 4).
Phenotypic trait agar plate assays

To determine the abundance of aerobic, culturable microbes with a specific phenotype
inhabiting weathered shale, rock sample suspensions were plated onto petri dish plates

comprised of one of six different agar types. These agar types enabled the positive
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identification of colonies with the following phenotypic traits: 1) heterotrophic growth on pH
neutral media, 2) heterotrophic growth on acidic media, 3) siderophore production, 4) alkaline
phosphatase production, 5) iron oxidation and 6) manganese oxidation. Each agar type allowed
positive identification of microbial isolates with a specific phenotype, either through a visually

recognisable color change or through the presence alone of microbial colonies on that agar
type.

We choose to specifically study aerobic rock weathering organisms based upon their relevance
to the sites sampled (primarily rock-air interfaces). Phenotypic traits were chosen based upon
either their known importance in microbial rock weathering of shale (Kalinowski et al. 2006;
Spoalore et al. 2011; Wlodarczyk et al. 2015) or of rock weathering more generally (Uroz et
al. 2009; Gadd, 2010; Carmichael et al. 2013), and based upon the availability of agar plate

phenotypic assay methodology.

The authors appreciate that the agar types used in this study enrich for microbial isolates within
narrow, specific metabolic/phenotypic groupings, rather than being broad, all-encompassing
assays. For example, the iron oxidizers enriched in this study are those isolates that can
specifically grow on WAYE agar (below and Table 1), meaning they are at least acidotolerant,
if not acidophilic. Furthermore, we cannot comment whether these organisms are autotrophic
or heterotrophic iron oxidizers, as the medium contains nutrients that would facilitate growth
and activity of both groups. Finally, as all incubations carried out in this study were under
aerobic conditions, our culturing approach could not identify anaerobic or microaerophilic iron

oxidizers.

With the exception of nutrient agar based media (both pH neutral and acidic media were used),
all phenotypic groups were isolated within a single pH range. For example, the CAS agar plates

(used to detect siderophore production) had a media pH of 6.8. This limitation could not be
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overcome by preparing media at differing pH levels (e.g. pH neutral and acidic CAS agar), as
the chemical reactions that provide a visual result in these media types are pH sensitive (e.g.
acidified CAS agar will not be functional). Further methodological limitations apply to the
media used to enrich for alkaline phosphatase producers, manganese oxidizers and iron
oxidizers. Despite these issues, our approach enabled the isolation of geomicrobiologically-
relevant microbial groups from our sample sites. Throughout this manuscript, the microbial
groups isolated in this study are referred to by their general name for ease (e.g. aerobic,

acidotolerant/acidophilic iron oxidizers are called “iron oxidizers™).

No attempt to distinguish between bacteria, fungi or archaea was made, however only
successfully amplified 16S rDNA sequences from bacterial isolates were submitted for
sequencing (see below, Colony PCR and Sanger sequencing). All agar types contained an
added source of organic carbon, in addition to organic material within the shale rock
supplement, therefore both autotrophic and heterotrophic isolates could be cultivated on all
media types and could not be distinguished from each other with the methods used. Brief details
of each agar type are included in Table 1, with media recipes detailed in the “Agar media”
section below. Further details on each agar type can be found in the provided selected

references.

One gram aliquots of samples from each location (25 locations across 9 field sites) were
suspended in 5 mL of 1x PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO4 and 0.24 g KH>PO4, 1 L
water - adjusted to pH 7 with HCI) in 50 mL Falcon tubes and hand inverted for 5 minutes to
ensure thorough mixing. Suspensions were serially diluted in phosphate buffered saline (PBS)
and plated out onto each of six agar types (see media below) in triplicate. This created a total
of 75 plates (triplicate plates for 25 samples) for each agar type. Plates were wrapped in
parafilm and incubated aerobically at room temperature (~23 °C) for one month, and the
number of colonies positive for that phenotype recorded. These colony counts were then

10
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adjusted to create CFU g values for each phenotype within a sample. Un-inoculated plates

and plates inoculated with just PBS were incubated alongside sample plates as sterile controls.
Agar media

All agar media recipes are for 1 L preparations made with Milli-Q UV- purified and filtered
(0.22 um) water, and autoclaved at 121 °C for 20 minutes unless otherwise specified. All agar
media was supplemented with 2 g L' of black shale rock powder obtained by collection and
subsequent crushing of (<0.5 mm size fractionated) slabs of black shale from the Mulgrave

shale member at Saltwick Bay.
Nutrient agar: 28 g nutrient agar powder, 2 g rock powder.

Acidic nutrient agar: Solution A contains 28 g nutrient broth powder and 2 g rock powder
mixed in 750 mL of water, which is then adjusted to pH 3 with H>SOs. Solution B is prepared
by mixing 7 g agarose in 1 L of water and stirred for 30 minutes to allow agarose hydration.
The agarose was then allowed to settle, and 750 mL of the water removed, leaving a remaining
250 mL agarose suspension. Both solutions A and B are autoclaved and then mixed while still

molten.

Chrome Azurol S (CAS) blue agar: Solutions A, B and C were prepared as follows, A) 0.324
g FeCl3*6H20 was mixed in a 100 mL aqueous solution of 0.01 M HCI], B) 60.5 mg of CAS
powder in 50 mL of water and C) 72.9 mg of hexadecyltrimethylammonium bromide
(HDTMA) in 40 mL of water. Ten millilitres of solution A was mixed with all of solution B,
which was then mixed with solution C, creating solution D. Solution E is prepared from 200
mL of 5x MO salts (34 g NaHPOy4, 15 g KH2PO4, 2.5 g NaCl and 5.0 g NH4CL in 1 L water -
autoclaved), 15 g agar, 30.25 g piperazine-N,N-bis(2-ethanesulfonic acid) (PIPES) and 2 g of

rock powder, mixed in 650 mL of water and adjusted to pH 6.8 with NaOH. Both solutions D
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and E were autoclaved, and then allowed to cool to 50 °C in a water bath before being mixed

to create the final media.

Phenolphthalein phosphate agar: 15 g of Phenolphthalein phosphate agar (PPA, purchased

from Sigma-Aldrich) and 2 g of rock powder.

Manganese oxidizer agar: 2 g Peptone, 0.5 g yeast extract, | mg FeSO4*7H>O, 150 mg
MnSO4*H>0, 2.38 g of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 8 mg
LBB, 2 g rock powder and 15 g agar were added to 1 L water and adjusted to pH 7.4 using

NaOH/HCI.

Washed Agarose - Yeast Extract (WAYE) agar: A basal salts solution (1 L - autoclaved) was
prepared by the addition of 0.5 g MgSO04°7H20, 1.5 g (NH4)2SO4, 1 g KCI and 0.1 g of
Ca(NO3)2°4H>0. Solution A was prepared by mixing 100 mL of basal solution to 650 mL of
water, with 0.2 g of yeast extract powder and 2 g of rock powder added. This solution is then
adjusted to pH 3 with sulfuric acid before autoclaving. Solution B is prepared by mixing 7 g
agarose in 1 L of water and stirred for 30 minutes to allow agarose hydration. The agarose was
then allowed to settle, and 750 mL of the water removed. The remaining 250 mL containing
the hydrated agarose is then autoclaved. Solution C) 800 mM FeSO4+7H,0, adjusted to pH 3
with sulfuric acid before filter sterilization (0.22 pum filter) was prepared. When hot, solutions
A and B are mixed (ensuring agar is fully molten) along with 5 mL of solution C under sterile

conditions.

Colony PCR and Sanger sequencing

Forty six colonies were picked from phenotypic assay plates, based upon visual assessment of
unique colony morphology, for phylogenetic identification of the microbial isolates. Isolates
that were obviously fungal in morphology were not selected, as only 16S rDNA sequencing to
identify bacterial species was carried out. Selected individual colonies were picked and

12
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suspended in 50 uL of molecular grade water. One microlitre of this solution was used as the
DNA template for the PCR reaction. Each 25 pL reaction included a 12.5 uLL PCR Mastermix,
1 puL of both the forward and reverse primer solutions and 10.5 pL of molecular grade water.
PCR Mastermix (New England Biolabs) contained Taqg DNA Polymerase, deoxynucleoside
triphosphates (200 uM) and buffer (MgCl> 1.5 mM). Primer concentration was 0.4 uM in the

final PCR reaction volume.

The forward primer used was 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and the reverse
primer used was 1389R (5’-ACGGGCGGTGTGTACAAG-3’). The PCR procedure started
with a 10 minute denaturation step at 96° C for 10 minutes, followed by 30 cycles of
denaturation at 95° C for 1 minute, annealing at 60° C for 1 minute and extension at 72° C for
1 minute, with a final step of extension at 72° C for 10 minutes. A negative control lacking
added DNA template was also performed to rule out false positive results from reagent

contamination. PCR products were analysed using gel electrophoresis.

Successfully amplified products were processed using a DNA Purification Kit (Qiagen)
according to the manufacturer’s instructions, and analysed by Sanger sequencing at Edinburgh
Genomics with the same primer set used for PCR reactions. Processed reads (quality control
checked and trimmed) were provided by Edinburgh Genomics, which were then aligned and
forward and reverse sequences stitched to produce contigs using the software DNA Sequence
Aligner (v4) from DNA Baser. Contigs were then aligned in the alignment, classification and
tree (ACT) service of ARB-Silva (Pruesse et al. 2012), allowing neighbour sequences with
>97% similarity to be obtained and isolate identity to be determined (Quast et al. 2013; Yilmaz
et al., 2014; Glockner et al. 2017). Isolate identifications were taken from the European
Molecular Biology Laboratory (EMBL) database within ACT. ACT was also used to produce

a .tree file (Beccati et al. 2017) which was visualized in iTOL (Letunic and Bork, 2016).
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Cultured isolates are labelled on the phylogenetic tree with the following label structure:

phenotype (SP/APP) site number (e.g. 1) unique identifier.
Data and statistical analysis

Basic data manipulation and statistical analyses were carried out in R (version 3.5.3) (R Core
Team, 2019). A Spearman’s Rank Correlation analysis was performed on CFU g™ data and pH
values to determine if significant positive and/or negative correlations occurred between
phenotypic trait groups and with pH. Figures were produced using the R packages ggplot2

(Wickham, 2016) and corrplot (Wei and Simko, 2017).

RESULTS

Isolates cultured on nutrient agar were identified in samples collected from all nine sampling
sites, ranging in abundance between 10° and 10’7 CFU g' (Figure 3). This was the only
phenotype tested for that was identified in samples from all sampling sites. In contrast, isolates
cultured on acidic nutrient agar were only identified in samples taken from four sites, three of
which were identified as highly acidic (< pH 3) from pH measurements taken of rock surface

scrapings (Figure 3).

All phenotypes screened for were identified in samples from at least one site (Figure 3).
Alkaline phosphatase producers were widely distributed among the samples collected, with
abundance ranging across two orders of magnitude (5 x 10° — 3 x 10° CFU g"!) from eight of
nine sites sampled (Figure 3). Manganese oxidizing isolates (identified at sites 6, 7 and 9 only)

were the least distributed among the sites sampled (Figure 3).

Interestingly, manganese oxidizers were isolated from sites (6, 7 and 9) below pH 3 (Figure 3),
despite the fact the media used to culture these isolates was circumneutral (Table 1). This

indicates that the manganese oxidizers isolated in this study could tolerate a wide pH range,
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and that media pH did not constrain the enrichment of manganese oxidizers from sample sites
with a differing pH. It should be noted that “tolerate” in this context refers to the viability of
the microbes within the sample, and does not indicate the extent of their activity (active vs

dormant) within the environment.

Samples taken from highly acidic (< pH 3) sites yielded positive isolates for the most number
of phenotypes tested for, with phenotypically positive isolates cultured from samples 6, 7 and
9 being found on five out of six of the agar types tested (all except siderophore producers). In
comparison, samples collected from sites 1-4, which had moderately alkaline (~ pH 8) to
moderately acidic (pH 5.5-7) rock surfaces yielded phenotypically positive isolates for only 2-
3 of the phenotypes tested for (nutrient agar isolates and alkaline phosphatase producers in all

cases) (Figure 3).

Histograms of CFU g™ abundance data for each tested phenotype demonstrated that the data
collected was not normally distributed, meaning that a non-parametric (Spearman’s rank-order
correlation) analysis was required to test for associations between each of the six groups and
with the environmental parameter pH (Figure 4). Eight associations were identified as
significant at the 0.99 confidence level, with a further 3 significant associations identified at

both confidence levels 0f 0.95 and 0.9 respectively (total associations=14) (Figure 4).

pH significantly correlated with all six phenotypic trait groups, with positive associations
identified with iron oxidizers (r;=0.45, p<0.01), acidic nutrient agar isolates (1==0.55, p<0.01)
and manganese oxidizers (rs=0.46, p<0.01), and negative associations identified with nutrient
agar isolates (rs=-0.3, p=0.01), siderophore producers (rs=-0.46, p<0.01) and alkaline
phosphatase producers (rs=-0.22, p=0.06). These two sets of associations with pH are internally
supported by further positive correlations between the abundances of the phenotypes within

each set (Figure 4). For example, the abundance of iron oxidizers positively correlated with the
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abundance of both manganese oxidizers (r:=0.79, p<0.01) and acidic nutrient agar isolates (rs
=0.57, p<0.01). Positive correlations between those phenotypes that negatively correlated with
pH were weaker but still significant, such as the correlation between siderophore producers
with both alkaline phosphatase producers (rs=0.27, p<0.05) and nutrient agar isolates (rs=0.21,
p=0.07). Furthermore, two negative correlations in the abundance of phenotypes between the
pH association sets was identified, with siderophore producers negatively correlating with iron

oxidizers (rs=-0.26, p<0.05) and manganese oxidizers (rs=-0.19, p<0.1).

Twenty two isolates were successfully sequenced and the genus of the organism identified
(Figure 5, Table 2). The result of this analysis was the identification of eight different genera
across two phenotypic trait groups. These eight genera were from a diverse range of phyla,
including Actinobacteria, Firmicutes, o-Proteobacteria and y-Proteobacteria (Figure 5, Table

2).

Roughly equal numbers of isolates from each of the weathering phenotypes processed for
sequencing were identified: 10 siderophore producers and 12 alkaline phosphatase producers.
Strains of Aeromonas, Rhizobium and Psueudomonas were identified within both phenotypic
groups. Ofthe 10 siderophore producing isolates successfully sequenced, eight belonged to the

genus Pseudomonas (Figure 5, Table 2).

No phylogenetic data for the iron and manganese oxidizing colonies could be obtained in this
study. Initial difficulty was encountered in performing colony PCR with iron and manganese
oxidizing colonies, however in some cases this was overcome by culturing those isolates on
acidic nutrient agar. However, those successfully amplified 16S rDNA amplicons failed in
subsequent sequencing reactions. The reason for these technical difficulties is unknown, but

metal content bound to the biomass/nucleic acids could have affected reaction success.

DISCUSSION
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The abundance of microbes within six phenotypic trait groups from samples of weathered shale
was determined. As microbial isolates were likely cultured on more than one of the six agar
types (e.g. siderophore producing microbial species were also likely to grow on nutrient agar),
combined with the fact that most microbial species in environmental samples are known to be
non-culturable (Kirk et al. 2004), an accurate assessment of the total biomass within the
samples collected was not made. However, the abundance of nutrient agar and acidic nutrient
agar isolates have been used in this study to provide a baseline for total biomass within the
samples of weathered shale (Puente et al. 2009). Nutrient agar isolates were cultured from all
nine sites sampled, ranging in abundance between 3 x 10° and 1.5 x 10" CFUg!, while acidic
nutrient agar isolates were identified at four sites and ranged in abundance from 1.3 x 10 and
4.4 x 10° CFU g'! (Figure 3). This range of microbial abundance in samples of weathered shale
is consistent with a previous assessment made by Cockell et al. (2011), who used extractable

DNA content to estimate a total microorganism abundance of 4.2 x 10* cells cm™.

The occurrence of the remaining phenotypic trait groups (siderophore producers, alkaline
phosphatase producers, iron oxidizers and manganese oxidizers) varied substantially between
field sites (Figure 3). For example, at sites 1, 2 and 4 isolates were cultured from only two
phenotypic trait groups, nutrient agar isolates and alkaline phosphatase producers. In
comparison, sites 6, 7 and 9 yielded isolates from five of the six phenotypic trait groups (Figure
3). These differences can be qualitatively explained by differences in rock surface pH values,
with sites 1, 2 and 4 being pH neutral to moderately acidic (pH 5.8-7.7) while sites 6, 7 and 9
were strongly acidic (pH 2.6-2.8) (Figure 3). The low pH rock surface values obtained in this
study are consistent with the analysis of weathered shale crusts previously studied (pH 3.5,

Cockell et al. 2011).

To quantitatively determine if the abundance of isolates within phenotypic trait groups
correlated with rock surface pH, Spearman’s rank correlation coefficient analysis was used
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(Figure 4). Correlation analyses were also run for each pair combination of phenotypic trait
groups (e.g. iron oxidizers with siderophore producers) to determine abundance co-associations
between groups (Figure 4). pH was found to significantly influence the abundance of all six
phenotypic trait groups enumerated in this study, with the set of acidic nutrient agar isolates,
iron oxidizers and manganese oxidizers correlating with acidic pH values (rs value range 0.45
to 0.55), and the set of nutrient agar isolates, siderophore producers and alkaline phosphatase
producers correlating with neutral to mildly acidic pH values (rs value range -0.22 to -0.46)
(Figure 4). This control of pH over phenotypic trait abundance was supported by further
positive correlations between phenotypic trait groups within sets (e.g. iron oxidizers with acidic
nutrient agar isolates, r~=0.57, p<0.01) and negative correlations between phenotypic trait
groups between sets (e.g. iron oxidizers with siderophore producers, r=-0.26, p<0.05) (Figure

4).

The association of aerobic, acidotolerant/acidophilic iron oxidizers with acidic environments
in this study (Figure 4) is unsurprising, as the bioenergetic favourability of aerobic microbial
iron oxidation is known to be restricted below pH 4 (Hedrich et al. 2011). Previous studies
have shown that microbial iron oxidation in shale is predominated by the oxidation of pyrite
(FeS»), in which both the iron and sulfur become oxidized (Tasa et al. 1997; Joeckel et al. 2005;
Li et al. 2014). The oxidation of pyritic sulfur to sulphuric acid lowers environmental pH,
which in turn facilitates the growth of iron oxidizing microbes and the continued dissolution
of pyrite (Vera et al. 2013, but see also Samuels et al. 2019). As such, the interaction of iron
oxidizing and sulfur oxidizing microbial activity generates a positive feedback loop that

maintains a suitable habitat (< pH 4) for iron oxidizing microbes.

Siderophore production is known to of greater adaptive significance in pH neutral
environments where ferric iron bioavailability is low (Kalinowski et al. 2006), which explains
why siderophore producers were largely restricted to pH neutral environments in weathered
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shale samples (Figure 3). These opposing relationships of iron oxidizers and siderophore
producers with pH are further supported by the negative correlation between these phenotypic
trait groups (rs=-0.26, p<0.05), demonstrating that the approach we have used can effectively
distinguish between rock weathering niches along a physicochemical gradient (Figures 3 and
4). As far as the authors are aware, this is the first empirical evidence of the spatial separation
of aerobic iron oxidizers and siderophore producers across a pH gradient in rock weathering

environments.

Unlike microbial iron oxidation, microbial manganese oxidation is not known to be limited to
acidic environments, with the recommended pH value for the cultivation of manganese
oxidizers ranging between pH 7-8 (Nealson, 2006). Despite this, the abundance of manganese
oxidizers correlated positively with acidic environments (1=0.46, p<0.01), and with both iron
oxidizers (rs=0.79, p<0.01) and acidic nutrient agar isolates (rs=0.57, p<0.01). A potential
explanation for our findings is that the manganese oxidizing organisms isolated in this study
have the ability to oxidize multiple metallic elements (e.g. iron and manganese) (Corstjens et
al. 1992), and therefore are not actively oxidizing manganese in the acidic environments they
were isolated from. However, as the rate of abiotic manganese oxidation of manganese is
relatively slow compared to microbially-facilitated oxidation, and that the formation of
manganese oxide deposits is believed to mainly biologically mediated (Tebo et al. 2004), it
seems likely that the manganese oxide deposits identified at our field sites (Figure 2) are at
least the partial result of microbial activity. An alternative hypothesis for our results is that the
organisms isolated here may not be active oxidizers, i.e., they do not use enzymes such as
multicopper oxidases to facilitate manganese oxidation (Geszvain et al. 2012), but that biomass
of these organisms passively acts as a nucleation site for manganese oxidation (Tebo et al.

2005; Gadd, 2010). Further work, including phylogenetic identification and characterisation of
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manganese oxidizing activity, would be required to resolve the exact role of the manganese

oxidizing microbes isolated in this study in their natural environment.

The pH of the individual media types used in this study potentially contributed to the
constraints on the distribution of the phenotypic trait groups enriched on those media types.
For example, aerobic acidotolerant iron oxidizers were isolated from three sites that ranged in
average surface pH from 2.6 to 5.2 (Figure 3). As the media used to enrich for this group
(WAYE agar) was at pH 3, aerobic iron oxidizers from pH neutral sites that could not tolerate
this pH were unlikely to be enriched. This is an inherent limitation of a culture-based approach
to investigate the distribution of microbial groups, however we believe that in the case of our
results this limitation likely had a minimal impact. The manganese oxidizers isolated in this
study were cultivated on a pH neutral agar, but were entirely isolated from acidic sites, while
siderophore producers cultivated on pH neutral agar were isolated from sites ranging in pH
from 5.20 to 8.07. Finally, alkaline phosphatase producers were isolated from eight of the nine
sites sampled, including from the most acidic and alkaline sites (Figure 3). Therefore, although
media pH may have partially constrained our results, it does not explain the pattern and general

trends we have observed.

The phenotypic trait agar plate assay used in this study to enumerate phosphate solubilizers
tested for the production of alkaline phosphatases, which have been previously indicated in
inorganic phosphate solubilisation in neutral and alkaline environments (Hughes and Lawley,
2003; Sharma et al. 2013). The correlation between the abundance of alkaline phosphatase
producing microbes and neutral pH environments in this study can therefore be expected
(Figure 4). In future work it would be interesting to compare the abundance of microbial
isolates that produce acid and alkaline phosphatases, and determine if pH influences their

distribution in rock weathering environments. In addition, determining the distribution of
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anoxic and anaerobic microbial groups that contribute to microbial rock weathering in shale,

such as neutrophilic iron oxidizers, would be a logical progression of this work.

Phylogenetic identification of the isolates cultured in this study was attempted for four
phenotypic trait groups (not including nutrient agar and acidic nutrient agar isolates), but was
only successful for siderophore producers and alkaline phosphatase producers. In total 22
isolates were successfully identified, revealing eight genera across four different phyla (Table
2, Figure 5). A single alkaline phosphatase producing isolate was identified as Moraxella (y-
Proteobacteria), which is the first time this genus has been associated with weathered shale
environments. The genera of the remaining isolates have been previously identified in
weathered shale, either through isolation from culture-based studies (e.g. Jiang et al. 2015) or
in culture-independent analyses (e.g. Wiodarczyk et al. 2018). Furthermore, most of these
genera are well-known rock weathering organisms such as Arthrobacter (Frey et al. 2010),
Bacillus (Puente et al. 2004), Pseudomonas (Matlakowska and Sklodowska, 2009), Rhizobium
(Zhao et al. 2013) and Streptomyces (Cockell et al. 2013). In most cases, these organisms have
been previously recognised to have the rock weathering phenotypic traits that they are
associated with in this study, such as the siderophore production of Pseudomonas (Kalinowski
et al. 2006) and Rhizobium (Zhao et al. 2013), or the phosphate solubilisation of Bacillus
(Puente et al. 2004) and Streptomyces (Hamdali et al. 2008). It is therefore highly likely that
the organisms identified in this study are active rock weathering organisms within weathered

shale environments.

CONCLUSIONS

In this study, the abundances of microbes with differing phenotypic traits were found to be
influenced by a physicochemical parameter (pH). Iron and manganese oxidizing microbes were

restricted to acidic environments, while siderophore producing and alkaline phosphatase
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producing microbes were largely constrained to pH neutral environments. Furthermore, the
first empirical evidence for a clear separation of the distribution of aerobic iron oxidizers and
siderophore producers in rock weathering environments was shown, which can be readily
explained by changes in iron geochemistry across pH gradients. Phylogenetic analysis of
siderophore producing and alkaline phosphatase producing bacterial isolates revealed several
commonly identified rock weathering genera, indicating that these organisms are likely active

rock-weathering organisms in their native environments.

Our results show that physicochemical parameters can be used to predict the distribution of
functional groups. Future research should attempt to discern the effect physicochemical
parameters have on the expression and efficacy of rock weathering phenotypic traits within
these groups. Combined, this knowledge could be used to better estimate the contribution of
microbial communities to rock weathering rates in the field (Yesavage et al. 2012; Ilgen et al.
2017). Finally, our study demonstrates the importance of culture-based approaches to

investigate the functional ecology of microbial communities.

ACKNOWLEDGEMENTS

We would like to thank Dr Casey Bryce (University of Tiibingen) and the anonymous

reviewers for their guidance in preparing this manuscript for submission and publication.

DISCLOSURE STATEMENT

ICL Boulby operate an active mine within the local area of the field sites sampled in this study.

FUNDING

ICL Boulby provided a PhD studentship for T.S.

REFERENCES

22



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

Amiotte Suchet, P., Probst, J. L., & Ludwig, W. (2003). Worldwide distribution of continental rock lithology:
Implications for the atmospheric/soil CO2 uptake by continental weathering and alkalinity river transport to the

oceans. Global biogeochemical cycles, 17(2), https://doi.org/10.1029/2002GB001891

Anderson, W. H. (2008). Foundation problems and pyrite oxidation in the Chattanooga Shale, Estill County,

Kentucky. Kentucky Geological Survey, University of Kentucky, https://doi.org/10.13023/kgs.ri18.12

Anjum, F., Bhatti, H. N., Asgher, M., & Shahid, M. (2010). Leaching of metal ions from black shale by organic
acids produced by Aspergillus niger. Applied clay science, 47(3), 356-361,

https://doi.org/10.1016/j.clay.2009.11.052

Anjum, F., Shahid, M., & Akcil, A. (2012). Biohydrometallurgy techniques of low grade ores: A review on black

shale. Hydrometallurgy, 117, 1-12, https://doi.org/10.1016/j.hydromet.2012.01.007

Brantley, S. L., Lebedeva, M., & Hausrath, E. M. (2012). A geobiological view of weathering and

erosion. Fundamentals of Geobiology, 205-227, https://doi.org/10.1002/9781118280874.ch12

Calvaruso, C., Turpault, M. P., & Frey-Klett, P. (2006). Root-associated bacteria contribute to mineral weathering
and to mineral nutrition in trees: a budgeting analysis. Applied and Environmental Microbiology, 72(2), 1258-

1266, https://doi.org/10.1128/AEM.72.2.1258-1266.2006

Calvaruso, C., Turpault, M. P., Leclerc, E., Ranger, J., Garbaye, J., Uroz, S., & Frey-Klett, P. (2010). Influence
of forest trees on the distribution of mineral weathering-associated bacterial communities of the Scleroderma
citrinum mycorrhizosphere. Applied and environmental microbiology, 76(14), 4780-4787, https://doi.org/

10.1128/AEM.03040-09

Carmichael, M. J., Carmichael, S. K., Santelli, C. M., Strom, A., & Brauer, S. L. (2013). Mn (II)-oxidising bacteria
are abundant and environmentally relevant members of ferromanganese deposits in caves of the upper Tennessee

River Basin. Geomicrobiology journal, 30(9), 779-800, https://doi.org/10.1080/01490451.2013.769651

Cerrato, J. M., Falkinham, J. O., Dietrich, A. M., Knocke, W. R., McKinney, C. W., & Pruden, A. (2010).
Manganese-oxidising and-reducing microorganisms isolated from biofilms in chlorinated drinking water systems.

Water research, 44(13), 3935-3945, https://doi.org/10.1016/j.watres.2010.04.037

Chen, W., Wang, Q., He, L., & Sheng, X. (2016). Changes in the weathering activity and populations of culturable
rock-weathering bacteria from the altered purple siltstone and the adjacent soil. Geomicrobiology journal, 33(8),

724-733, https://doi.org/10.1080/01490451.2015.1085469

23



553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

Cockell, C. S., Pybus, D., Olsson-Francis, K., Kelly, L., Petley, D., Rosser, N., Howard, K., & Mosselmans, F.
(2011). Molecular characterization and geological microenvironment of a microbial community inhabiting

weathered receding shale cliffs. Microbial ecology, 61(1), 166-181, https://doi.org/10.1007/s00248-010-9730-6

Cockell, C. S., Kelly, L. C., & Marteinsson, V. (2013). Actinobacteria—an ancient phylum active in volcanic rock

weathering. Geomicrobiology Journal, 30(8), 706-720, https://doi.org/10.1080/01490451.2012.758196

Corstjens, P. L., De Vrind, J. P., Westbroek, P., & De Vrind-De Jong, E. W. (1992). Enzymatic iron oxidation by
Leptothrix  discophora: identification of an iron-oxidizing protein. Applied and Environmental

Microbiology, 58(2), 450-454.

Dziewit, L., Pyzik, A., Szuplewska, M., Matlakowska, R., Mielnicki, S., Wibberg, D., Schliiter, A., Piihler, A.
and Bartosik, D. (2015) Diversity and role of plasmids in adaptation of bacteria inhabiting the Lubin copper mine
in Poland, an environment rich in heavy metals. Frontiers in  microbiology, 6, 152,

https://doi.org/10.3389/fmicb.2015.00152

Farbiszewska-Kiczma, J., & Farbiszewska, T. (2005). Isolation of bacteria that degrade organometallic

compounds from metallic wastes. Physicochemical problems of mineral Processing, 39, 263-267,

Frey, B., Rieder, S.R., Brunner, 1., Plotze, M., Koetzsch, S., Lapanje, A., Brandl, H. and Furrer, G. (2010)
Weathering-associated bacteria from the Damma glacier forefield: physiological capabilities and impact on
granite dissolution. Applied and environmental microbiology, 76(14), 4788-4796,

https://doi.org/10.1128/AEM.00657-10

Gad, M. A, Catt, J. A., & Le Riche, H. H. (1968). Geochemistry of the Whitbian (Upper Lias) sediments of the
Yorkshire coast. In Proceedings of the Yorkshire geological and polytechnic society (Vol. 37, No. 1, pp. 105-

140). Geological Society of London, https://doi.org/10.1144/pygs.37.1.105

Gadd, G. M. (2010). Metals, minerals and microbes: geomicrobiology and bioremediation. Microbiology, 156(3),

609-643, https://doi.org/10.1099/mic.0.037143-0

Guthrie, G. and Lane, N. (2007). Shoreline Management Plan 2 River Tyne to Flamborough Head, Royal

Haskoning, report reference: 9P0184/R/nl/PBor.

Geszvain, K., Butterfield, C., Davis, R.E., Madison, A.S., Lee, S.W., Parker, D.L., Soldatova, A., Spiro, T.G.,
Luther, G.W. and Tebo, B.M. (2012) The molecular biogeochemistry of manganese (II) oxidation. Biochemical

Society Transactions, 40(6), 1244-1248, https://doi.org/10.1042/BST20120229

24



581

582

583

584

585

586

587

588

589

590

501

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

Glockner, F.O., Yilmaz, P., Quast, C., Gerken, J., Beccati, A., Ciuprina, A., Bruns, G., Yarza, P., Peplies, J.,
Westram, R. and Ludwig, W. (2017) 25 years of serving the community with ribosomal RNA gene reference

databases and tools. Journal of biotechnology, 261, 169-176. https://doi.org/10.1016/j.jbiotec.2017.06.1198

Grobelski, T., Farbiszewska-Kiczma, J., & Farbiszewska, T. (2007). Bioleaching of Polish black shale.

Physicochemical problems of mineral processing, 41, 259-264.

Hamdali, H., Bouizgarne, B., Hafidi, M., Lebrihi, A., Virolle, M. J., & Ouhdouch, Y. (2008). Screening for rock
phosphate solubilizing Actinomycetes from Moroccan phosphate mines. Applied soil ecology, 38(1), 12-19,

https://doi.org/10.1016/j.aps0il.2007.08.007

Hedrich, S., Schlomann, M., & Johnson, D. B. (2011). The iron-oxidising proteobacteria. Microbiology, 157(6),

1551-1564. https://doi.org/10.1099/mic.0.045344-0

Hirsch, P., Eckhardt, F. E. W., & Palmer, R. J. (1995). Methods for the study of rock-inhabiting microorganisms—
amini review. Journal of microbiological methods, 23(2), 143-167, https://doi.org/10.1016/0167-7012(95)00017-

F

Hobbs, P.R.N., Entwisle, D.C., Northmore, K.J., Sumbler, M.G., Jones, L.D., Kemp, S., Self, S., Barron, M. and

Meakin, J.L. (2012). Engineering geology of British rocks and soils: Lias Group.

Hoover, S. E., & Lehmann, D. (2009). The expansive effects of concentrated pyritic zones within the Devonian
Marcellus Shale Formation of North America. Quarterly journal of engineering geology and hydrogeology, 42(2),

157-164, https://doi.org/10.1144/1470-9236/07-086

Hughes, K. A., & Lawley, B. (2003). A novel Antarctic microbial endolithic community within gypsum

crusts. Environmental Microbiology, 5(7), 555-565, https://doi.org/10.1046/j.1462-2920.2003.00439.x

Ilgen, A.G., Heath, J.E., Akkutlu, 1.Y., Bryndzia, L.T., Cole, D.R., Kharaka, Y.K., Kneafsey, T.J., Milliken, K.L.,
Pyrak-Nolte, L.J. and Suarez-Rivera, R. (2017). Shales at all scales: Exploring coupled processes in mudrocks.

Earth-science reviews. 166: 132-152, https://doi.org/10.1016/j.earscirev.2016.12.013

Jiang, S., Wang, W., Xue, X., Cao, C., Zhang, Y., & Hou, X. (2015). Bacterial Diversity in Major Oil Shale Mines

in China. Fresenius environmental bulletin, 24(10), 3176-3188.

Joe, S. J., Suto, K., Inoie, C., & Chida, T. (2007). Isolation and characterization of acidophilic heterotrophic iron-
oxidising bacterium from enrichment culture obtained from acid mine drainage treatment plant. Journal of

bioscience and bioengineering, 104(2), 117-123, https://doi.org/10.1263/jbb.104.117

25



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

Joeckel, R. M., Clement, B. A., & Bates, L. V. (2005). Sulfate-mineral crusts from pyrite weathering and acid
rock drainage in the Dakota Formation and Graneros Shale, Jefferson County, Nebraska. Chemical geology,

215(1), 433-452, https://doi.org/10.1016/j.chemgeo.2004.06.044

Johnson, D. B. (1995). Selective solid media for isolating and enumerating acidophilic bacteria. Journal of

microbiological methods, 23(2), 205-218, https://doi.org/10.1016/0167-7012(95)00015-D

Jones, E. V., Rosser, N. J., Brain, M. J., & Petley, D. N. (2015). Quantifying the environmental controls on erosion

of a hard rock cliff. Marine Geology, 363, 230-242. https://doi.org/10.1016/j.margeo0.2014.12.008

Kalinowski, B. E., Johnsson, A., Arlinger, J., Pedersen, K., Odegaard-Jensen, A., & Edberg, F. (2006). Microbial
mobilization of uranium from shale mine waste. Geomicrobiology Journal, 23(3-4), 157-164,

https://doi.org/10.1080/01490450600599197

Kirk, J. L., Beaudette, L. A., Hart, M., Moutoglis, P., Klironomos, J. N., Lee, H., & Trevors, J. T. (2004). Methods
of studying soil microbial diversity. Journal of  microbiological — methods, 58(2), 169-188,

https://doi.org/10.1016/j.mimet.2004.04.006

Krumbein, W. E., & Altmann, H. J. (1973). A new method for the detection and enumeration of manganese
oxidising and reducing microorganisms. Helgoldnder wissenschaftliche Meeresuntersuchungen, 25(2-3), 347-

356, https://doi.org/10.1007/BF01611203

Kutschke, S., Guezennec, A.G., Hedrich, S., Schippers, A., Borg, G., Kamradt, A., Gouin, J., Giebner, F., Schopf,
S., Schlémann, M. and Rahfeld, A. (2015) Bioleaching of Kupferschiefer black shale—A review including
perspectives of the Ecometals project. Minerals engineering, 75, pp-116-125,

https://doi.org/10.1016/j.mineng.2014.09.015

Lee, J. U., Kim, S. M., Kim, K. W., & Kim, 1. S. (2005). Microbial removal of uranium in uranium-bearing black

shale. Chemosphere, 59(1), 147-154, https://doi.org/10.1016/j.chemosphere.2004.10.006

Letunic, 1., & Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for the display and annotation of

phylogenetic and other trees. Nucleic acids research, 44(W1), W242-W245. https://doi.org/10.1093/nar/gkw290

Li, J., Sun, W., Wang, S., Sun, Z., Lin, S., & Peng, X. (2014). Bacteria diversity, distribution and insight into their
role in S and Fe biogeochemical cycling during black shale weathering. Environmental microbiology, 16(11),

3533-3547, https://doi.org/10.1111/1462-2920.12536

26



636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Lim, M., Petley, D. N., Rosser, N. J., Allison, R. J., Long, A. J., & Pybus, D. (2005). Combined digital
photogrammetry and time-of-flight laser scanning for monitoring cliff evolution. The Photogrammetric

Record, 20(110), 109-129. https://doi.org/10.1111/j.1477-9730.2005.00315.x

Lim, M., Rosser, N. J., Allison, R. J., & Petley, D. N. (2010). Erosional processes in the hard rock coastal cliffs

at Staithes, North Yorkshire. Geomorphology, 114(1-2), 12-21. https://doi.org/10.1016/j.geomorph.2009.02.011

Matlakowska, R., & Sklodowska, A. (2009). The culturable bacteria isolated from organic-rich black shale
potentially useful in biometallurgical procedures. Journal of applied microbiology, 107(3), 858-866,

https://doi.org/10.1111/j.1365-2672.2009.04261 .x

Matlakowska, R., Sktodowska, A., & Nejbert, K. (2012). Bioweathering of Kupferschiefer black shale (Fore-
Sudetic Monocline, SW Poland) by indigenous bacteria: implication for dissolution and precipitation of minerals
in deep underground mine. FEMS microbiology ecology, 81(1), 99-110, https://doi.org/10.1111/j.1574-

6941.2012.01326.x

Nealson, K. H. (2006). The manganese-oxidizing bacteria. The prokaryotes (pp. 222-231). Springer, New York,

NY.

Perez, E., Sulbaran, M., Ball, M. M., & Yarzabal, L. A. (2007). Isolation and characterization of mineral
phosphate-solubilizing bacteria naturally colonizing a limonitic crust in the south-eastern Venezuelan region. Soil

Biology and Biochemistry, 39(11), 2905-2914, https://doi.org/10.1016/j.s0ilbio.2007.06.017

Petsch, S. T., Eglinton, T. 1., & Edwards, K. J. (2001). 14C-dead living biomass: evidence for microbial
assimilation of ancient organic carbon during shale weathering. Science, 292(5519), 1127-1131,

https://doi.org/10.1126/science. 1058332

Petsch, S. T., Edwards, K. J., & Eglinton, T. I. (2005). Microbial transformations of organic matter in black shales
and implications for global biogeochemical cycles. Palaeogeography, palacoclimatology, palacoecology, 219(1),

157-170, https://doi.org/10.1016/j.palaeo.2004.10.019

Prosser, J.1., Bohannan, B.J., Curtis, T.P., Ellis, R.J., Firestone, M.K., Freckleton, R.P., Green, J.L., Green, L.E.,
Killham, K., Lennon, J.J. and Osborn, A.M. (2007) The role of ecological theory in microbial ecology. Nature

Reviews Microbiology, 5(5), 384, https://doi.org/10.1038/nrmicrol1643

Pruesse, E., Peplies, J., & Glockner, F. O. (2012). SINA: accurate high-throughput multiple sequence alignment

of ribosomal RNA genes. Bioinformatics, 28(14), 1823-1829. https://doi.org/10.1093/bioinformatics/bts252

27



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

Puente, M. E., Bashan, Y., Li, C. Y., & Lebsky, V. K. (2004). Microbial populations and activities in the
rhizoplane of rock-weathering desert plants. I. Root colonization and weathering of igneous rocks. Plant

Biology, 6(5), 629-642, https://doi.org/10.1055/5-2004-821100

Puente, M. E., Li, C. Y., & Bashan, Y. (2009). Rock-degrading endophytic bacteria in cacti. Environmental and

Experimental Botany, 66(3), 389-401, https://doi.org/10.1016/j.envexpbot.2009.04.010

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J. and Glockner, F.O. (2012) The
SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic acids

research, 41(D1), D590-D596. https://doi.org/10.1093/nar/gks1219

R Core Team (2019). R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. URL https://www.R-project.org/.

Rossbach, S., Wilson, T. L., Kukuk, M. L., & Carty, H. A. (2000). Elevated zinc induces siderophore biosynthesis
genes and a zntA-like gene in Pseudomonas fluorescens. FEMS microbiology letters, 191(1), 61-70,

https://doi.org/10.1111/1.1574-6968.2000.tb09320.x

Rosser, N. J., Brain, M. J., Petley, D. N., Lim, M., & Norman, E. C. (2013). Coastline retreat via progressive

failure of rocky coastal cliffs. Geology, 41(8), 939-942. https://doi.org/10.1130/G34371.1

Rosser, N., Lim, M., Petley, D., Dunning, S., & Allison, R. (2007). Patterns of precursory rockfall prior to slope

failure. Journal of geophysical research: earth surface, 112(F4). https://doi.org/10.1029/2006JF000642.

Sajjad, W., Bhatti, T. M., Hasan, F., Khan, S., Badshah, M., Naseem, A. A., & Shah, A. A. (2016).
Characterization of sulfur-oxidising bacteria isolated from acid mine drainage and black shale Samples. Pak. J.

Bot, 48(3), 1253-1262.

Samuels, T. (2018) Microbial weathering of shale rock in natural and historic industrial environments, Doctoral

Thesis, University of Edinburgh, Edinburgh, United Kingdom

Samuels, T., Pybus, D., Wilkinson, M., & Cockell, C. S. (2019). Evidence For In Vitro and In Situ Pyrite
Weathering By Microbial Communities Inhabiting Weathered Shale. Geomicrobiology Journal, 1-12,

https://doi.org/10.1080/01490451.2019.1597217

Schwyn, B., & Neilands, J. B. (1987). Universal chemical assay for the detection and determination of

siderophores. Analytical biochemistry, 160(1), 47-56, https://doi.org/10.1016/0003-2697(87)90612-9

28



691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

Sharma, S. B., Sayyed, R. Z., Trivedi, M. H., & Gobi, T. A. (2013). Phosphate solubilizing microbes: sustainable
approach for managing phosphorus deficiency in agricultural soils. SpringerPlus, 2(1), 587,

https://doi.org/10.1186/2193-1801-2-587

Spolaore, P., Joulian, C., Gouin, J., Morin, D., & d’Hugues, P. (2011). Relationship between bioleaching
performance, bacterial community structure and mineralogy in the bioleaching of a copper concentrate in stirred-
tank reactors. Applied microbiology and biotechnology, 89(2), 441-448. https://doi.org/10.1007/s00253-010-

2888-5

Tasa, A., Vuorinen, A., Garcia Jr, O., & Tuovinen, O. H. (1997). Biologically enhanced dissolution of a pyrite-
rich black shale concentrate. Journal of environmental science & health part A, 32(9-10), 2683-2695,

https://doi.org/10.1080/10934529709376711

Tebo, B.M., Bargar, J.R., Clement, B.G., Dick, G.J., Murray, K.J., Parker, D., Verity, R. and Webb, S.M. (2004)
Biogenic manganese oxides: properties and mechanisms of formation. Annual Review of Earth and Planetary

Sciences, 32, 287-328, https://doi.org/10.1146/annurev.earth.32.101802.120213

Tebo, B. M., Johnson, H. A., McCarthy, J. K., & Templeton, A. S. (2005). Geomicrobiology of manganese (II)

oxidation. Trends in Microbiology, 13(9), 421-428. https://doi.org/10.1016/j.tim.2005.07.009

Uroz, S., Calvaruso, C., Turpault, M. P., & Frey-Klett, P. (2009). Mineral weathering by bacteria: ecology, actors

and mechanisms. Trends in microbiology, 17(8), 378-387, https://doi.org/10.1016/j.tim.2009.05.004

Vera, M., Schippers, A., & Sand, W. (2013). Progress in bioleaching: fundamentals and mechanisms of bacterial

metal sulfide oxidation—part A. Applied microbiology and biotechnology, 97(17), 7529-7541.

Wei, T. and Simko, V. (2017). R package "corrplot": Visualization of a Correlation Matrix (Version 0.84).

Available from https://github.com/taiyun/corrplot

Wengel, M., Kothe, E., Schmidt, C. M., Heide, K., & Gleixner, G. (2006). Degradation of organic matter from
black shales and charcoal by the wood-rotting fungus Schizophyllum commune and release of DOC and heavy
metals in the aqueous phase. Science of the total environment, 367(1), 383-393,

https://doi.org/10.1016/j.scitotenv.2005.12.012

Wickham, H. (2016) ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New York, 2016.

29



717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

Wiodarczyk, A., Stasiuk, R., Sklodowska, A., & Matlakowska, R. (2015). Extracellular compounds produced by
bacterial consortium promoting elements mobilization from polymetallic Kupferschiefer black shale (Fore-

Sudetic Monocline, Poland). Chemosphere, 122, 273-279, https://doi.org/10.1016/j.chemosphere.2014.11.073

Wiodarczyk, A., Szymanska, A., Sktodowska, A., & Matlakowska, R. (2016). Determination of factors
responsible for the bioweathering of copper minerals from organic-rich copper-bearing Kupferschiefer black

shale. Chemosphere, 148, 416-425, https://doi.org/10.1016/j.chemosphere.2016.01.062

Wiodarczyk, A., Lirski, M., Fogtman, A., Koblowska, M., Bidzinski, G., & Matlakowska, R. (2018). The
oxidative metabolism of fossil hydrocarbons and sulfide minerals by the lithobiontic microbial community
inhabiting deep subterrestrial ~Kupferschiefer black shale. Frontiers in  microbiology, 9, 972,

https://doi.org/10.3389/fmicb.2018.00972

Yesavage, T., Fantle, M. S., Vervoort, J., Mathur, R., Jin, L., Liermann, L. J., & Brantley, S. L. (2012). Fe cycling
in the Shale Hills Critical Zone Observatory, Pennsylvania: an analysis of biogeochemical weathering and Fe

isotope fractionation. Geochimica et cosmochimica acta, 99, 18-38, https://doi.org/10.1016/j.gca.2012.09.029

Yilmaz, P., Parfrey, L.W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., Schweer, T., Peplies, J., Ludwig, W. and
Glockner, F.O. (2013) The SILVA and “all-species living tree project (LTP)” taxonomic frameworks. Nucleic

acids research, 42(D1), D643-D648. https://doi.org/10.1093/nar/gkt1209

Zhao, F., Qiu, G., Huang, Z., He, L., & Sheng, X. (2013). Characterization of Rhizobium sp. Q32 isolated from
weathered rocks and its role in silicate mineral weathering. Geomicrobiology Journal, 30(7), 616-622,

https://doi.org/10.1080/01490451.2012.746406

Zhu, W., & Reinfelder, J. R. (2012). The microbial community of a black shale pyrite biofilm and its implications

for pyrite weathering. Geomicrobiology journal, 29(2), 186-193, https://doi.org/10.1080/01490451.2010.539663

30



