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Biogenic sulfide production is a common problem in the oil industry, and can lead to
costly hydrocarbon processing and corrosion of extraction infrastructure. The same
phenomenon has recently been identified in shale gas extraction by hydraulic fracturing,
and organic additives in fracturing fluid have been hypothesized to stimulate this
process. Constraining the relative effects of the numerous organic additives on microbial
metabolism in situ is, however, extremely challenging. Using a bespoke bioreactor
system we sought to assess the potential for guar gum, the most commonly used
gelling agent in fracturing fluids, to stimulate biogenic sulfide production by sulfate-
reducing microorganisms at elevated pressure. Two pressurized bioreactors were fed
with either sulfate-amended freshwater medium, or low-sulfate natural surface water, in
addition to guar gum (0.05 w/v%) and an inoculum of sulfate-reducing bacteria for a
period of 77 days. Sulfide production was observed in both bioreactors, even when
the sulfate concentration was low. Analysis of 16S rRNA gene sequences indicate
that heterotrophic bacteria closely associated with the genera Brevundimonas and
Acinetobacter became enriched early in the bioreactor experiments, followed by an
increase in relative abundance of 16S rRNA genes associated with sulfate-reducing
bacteria (Desulfosporosinus and Desulfobacteraceae) at later time points. Results
demonstrate that guar gum can stimulate acid- and sulfide-producing microorganisms
at elevated pressure, and may have implications for the potential role in microbially
induced corrosion during hydraulic fracturing operations. Key differences between
experimental and in situ conditions are discussed, as well as additional sources of
carbon and energy for biogenic sulfide production during shale gas extraction. Our
laboratory approach can be tailored to better simulate deep subsurface conditions in
order to probe the role of other fracturing fluid additives and downhole parameters
on microbial metabolisms observed in these systems. Such baseline studies will prove
essential for effective future development of shale gas worldwide.
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INTRODUCTION

The recent development of shale gas in the United States
has dramatically increased domestic gas supply, and the UK
and other European countries are planning to follow suit in
the coming decades and exploit their own shale gas reserves
(Andrews, 2013; Weijermars, 2013). The lead up to this
development offers the opportunity to learn from and avoid
problems encountered in the US, among them the biogenic
production of hydrogen sulfide. This process, known as souring,
causes pitting and cracking of susceptible materials (increasing
the risk of leaks), can form pyrophoric films on steel in gas
lines (posing a fire risk), and necessitates costly removal from
produced gas. These issues can potentially lead to environmental
and reputational damage, and can ultimately shorten the life
span of a shale gas well (Eden et al., 1993). Biogenic hydrogen
sulfide has been reported at a number of shale gas wells in the
Barnett Shale (Fichter et al., 2008, 2009), and several studies
have since demonstrated the presence of sulfidogenic bacteria
in produced waters from this and other shale gas plays (Davis
et al., 2012; Kirk et al., 2012; Struchtemeyer and Elshahed,
2012; Mohan et al., 2013a,b; Cluff et al., 2014; Akob et al.,
2015).

Shale gas exists in unconnected or poorly-connected sub-
micron scale spaces within very low permeability shale. It
is therefore necessary to artificially fracture the formation in
order to liberate shale gas. This is achieved through hydraulic
fracturing, in which water-based fluids are pumped down the
well at high pressure in order to overcome confining pressures
and induce fractures in the formation. Wells are first drilled
vertically to the required depth in the shale formation, then
horizontally to increase contact with the gas-bearing rock. The
fractures generated in this process are held open by a proppant,
typically sand, to allow free flow of natural gas to the well.
The fluid used to fracture the host rock is water-based, and
includes a host of additives in addition to sand. Each serves a
particular function, and the mix of additives varies from one
operation to another, depending primarily on the characteristics
of the source formation, though many such additives are organic
(Elsner and Hoelzer, 2016). Here we address the hypothesis
that organic fracturing fluid additives stimulate biogenic sulfide
production.

A number of organic fracturing fluid additives are already
known to be bioavailable to microorganisms. For example,
ethylene glycol is widely used as a surfactant to inhibit scale
formation during shale gas extraction (Elsner and Hoelzer,
2016), but is readily degraded and used for growth by soil and
sewage microorganisms (Haines and Alexander, 1975; Watson
and Jones, 1977; McGahey and Bouwer, 1992). Citric acid, used
as a complexing agent in almost a third of disclosed hydraulic
fracturing operations to date (Elsner and Hoelzer, 2016), is
readily fermented by strains of Clostridium, yielding further
bioavailable by-products such as acetate (Walther et al., 1977;
Schink, 1984). Even the most conservative fracturing fluids
contain an organic polymer, which serves as a gelling agent
to increase viscosity and keep the proppant in suspension.
The most widely used gelling agent is guar gum (Elsner and

Hoelzer, 2016), a polysaccharide also common in the food
industry, and fermented by intestinal bacteria (Tomlin et al.,
1986; Crociani et al., 1994). It is therefore highly likely that
fracturing fluid additives will stimulate microbial metabolism in
shale gas extraction operations, and are in part responsible for the
observed biogenic sulfide production in these systems (Fichter
et al., 2008, 2009).

Tracking the metabolism of such organic amendments and
their possible coupling to sulfate reduction in situ is, however,
extremely challenging. Here we report on a laboratory-based
procedure to test the potential for the widely used gelling agent,
guar gum, to stimulate biogenic sulfide production in pressurized
semi-continuous bioreactor experiments. We present evidence
that guar gum stimulates sulfide production. The implications for
biofouling in future shale gas extraction operations are discussed.
This study employs an ex situ bioreactor approach and represents
a first step in understanding the potential microbiological
implications in shale gas extraction. This approach is more
appropriate than conventional microcosm-based batch tests
conducted in serum vials, and can be tailored to simulate the
deep terrestrial subsurface. This method could therefore serve
as a blueprint for similar “baseline” studies on, for example, the
microbial metabolism of fracking additives, required to support
effective large-scale shale gas extraction both in the United States,
and more widely in regions considering exploitation of this
resource.

MATERIALS AND METHODS

Microbial Enrichment
A sulfate-reducing enrichment culture was initiated using
sediment-laden water from a drinking water reservoir near
Buxton, Derbyshire in the UK. Sediment-laden water was
added to 90 ml sterile (121◦C 20 min) Postgate B medium
(described in Tanner, 1989) amended with sodium acetate as the
electron donor (31 mM), pH 7, in a sterile 100 ml serum vial.
The enrichment was incubated at 30◦C in the dark, and was
considered positive for sulfate reduction upon the accumulation
of a black precipitate (iron sulfide). Sulfate reduction was
evidenced by the appearance of black precipitates (presumed iron
sulfide) and was used as an inoculum for bioreactor experiments
after a 17 day incubation period.

Bioreactor Design
The pressurized bioreactors are bespoke, designed and
manufactured by Rawwater Engineering Company Limited.
Each bioreactor comprised a 5 cm outside diameter steel tube,
lined with a unplasticized polyvinyl chloride liner, grouted in
place either end prior to welding end-caps in place. Within the
center of each end-cap was a weldable 0.635 cm Swagelok tube
fitting. The inlet of the bioreactor was connected to a Perkins-
Elmer HPLC series 100 pump, supplied by a nitrogen-pressurized
aspirator at 2 barg. The outlet was connected to a union-T fitting,
connected to a 0–3000 psig (0–206.8 bar) pressure gauge and a
1000 psig (68.9 bar) pressure release valve, from which samples
were collected. All fittings were of 316L stainless steel.
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Bioreactor Experimental Setup
Bioreactor 1 was packed with glass beads, and was fed with
an influent of sulfate-amended freshwater medium. Prior to
injection medium was purged with nitrogen gas to drive
off dissolved oxygen. The basal medium (pH 7) contained
(in grams per liter deionized water): NaHCO3 (2.0), NH4Cl
(0.25), NaH2PO4.H2O (0.06), KCl (0.1), MgSO4.7H2O (2.0),
CaSO4 (1.0), and 10 ml mineral mix. The mineral contained
(in grams per liter deionized water): nitrilotriacetic acid
(1.5), MgSO4.7H2O (6.0), NaCl (1.0), FeSO4.7H2O (0.1),
CaCl2 (0.076), CoCl2 (0.054), ZnCl2 (0.13), CuSO4.5H2O
(0.01), AlK(SO4)2.12H2O (0.01), H3BO3 (0.01), MaNoO4.2H2O
(0.294), and NiCl2.6H2O (0.024). All constituents of the
medium were added prior to autoclaving for 20 min at
121◦C. Total concentration of sulfate in this medium was
15.7 mM.

Bioreactor 2 was packed with low-iron sand (Fisher Scientific,
UK), and was fed with deoxygenated surface water collected
from a seasonal pond on private land in Culcheth, Cheshire,
UK (53◦37′44.04′′N, 2◦29′44.05′′W). This land was chosen
as a source of readily available fresh surface water relevant
to potential future hydraulic fracturing scenarios in the
North of England. Formate, acetate, propionate, and butyrate
concentrations were measured with ion chromatography
(IC; Metrohm 930 Compact IC Flex, Daresbury, UK) and
found to be below the detection limit of 0.1 mg/l. Sulfate,
nitrate, and phosphate concentrations in this surface water were
similarly measured with IC (Dionex ICS5000 Dual Channel,
Hemel Hempstead, UK), and found to be 79.6 (0.83 mM),
0.19, and 0.1 mg/l, respectively. Bioreactor 2 therefore served
as a “low sulfate” comparison to Bioreactor 1. The influent
was purged with oxygen-free nitrogen gas for 24 h prior to
injection.

The bioreactors were run at room temperature (15–25◦C)
and 1000 psi (68.9 bar) under batch conditions. Injections
were made at a flow rate of 3 ml/min for a 30 min batch
injection twice weekly (on days 1 and 4 of each week) until
day 28, then once weekly, for a total of 77 days. For each
bioreactor, the weekly influent injection volume was equal
to the pore volume of the bioreactor, quantified with a
fluorescein tracer (Sigma-Aldrich, UK) prior to initiating the
experiments. The pore volume of Bioreactor 1 was 376 ml,
and 562 ml for Bioreactor 2. Both bioreactors were flushed
with 6× pore volumes of anaerobic reverse-osmosis water
after fluorescein tracer tests, and before the first experimental
injection. A 1% (v/v) inoculum from the sulfate-reducing
enrichment culture was added to the influent of both bioreactors
from the start of the experiment until day 28. Guar gum
(0.05% w/v) was added to the influent of both bioreactors
from the start of the experiment until day 63. Samples were
collected for analysis from the effluent generated at each injection
point.

Analytical Methods
Total sulfide concentrations in the effluent were measured using
the methylene blue assay. Samples were collected directly onto
zinc acetate crystals, which reacted with the sulfide in solution

to form a zinc sulfide precipitate, preserving the aqueous sulfide
concentration. The sulfide was then regenerated in acid for
a methylene blue colorimetric test (Fonselius et al., 1999).
The methylene blue test was calibrated using the standard
iodometric determination of sulfide titration method (limit of
detection 0/5 mg/l total sulfide). The pH of the effluent was
measured using pH indicator strips (pH range 4–10, Fisher
Scientific).

Bacterial Community Composition
Bacterial community composition was examined by extraction
of DNA from 10 ml samples of the enrichment culture
influent (2 days prior to the start of experiments) and
effluent using the MoBio PowerLyzerTM PowerSoil DNA
Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA).
Sequencing of polymerase chain reaction (PCR) amplicons
of 16S rRNA was conducted with the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) targeting the V4
hyper variable regions (forward primer, 515F, 5′-GTGY
CAGCMGCCGCGGTAA-3′; reverse primer, 806R, 5′-GGA
CTACHVGGGTWTCTAAT-3′) for 2 × 150-bp paired-end
sequencing (Illumina) (Caporaso et al., 2011, 2012). 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, 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 normalized to ∼20 ng each using the SequalPrep
Normalization Kit (Fisher Scientific, Loughborough, UK).
A negative PCR control was conducted in parallel to bioreactor
effluent and inoculum samples, and found to be devoid of
DNA. The PCR amplicons from all samples were pooled
in equimolar ratios. The run was performed using a 4 pM
sample library spiked with 4 pM PhiX to a final concentration
of 10% following the method of Kozich et al. (2013). Raw
sequences were divided into samples by barcodes (up to one
mismatch was permitted) using a sequencing pipeline. Quality
control and trimming was performed using Cutadapt (Martin,
2011), FastQC1, and Sickle (Joshi and Fass, 2011). MiSeq error
correction was performed using SPADes (Nurk et al., 2013).
Forward and reverse reads were incorporated into full-length
sequences with Pandaseq (Masella et al., 2012). Chimeras
were removed using ChimeraSlayer (Haas et al., 2011) and
operational taxonomic units (OTUs) were generated with
UPARSE (Edgar, 2013). OTUs were classified by Usearch
(Edgar, 2010) at the 97% similarity level, and singletons were
removed. Rarefaction analysis was conducted using the original
detected OTUs in Qiime (Caporaso et al., 2010). Taxonomic
assignment was performed by the Ribosomal Database Project
(RDP) Classifier using an 80% confidence limit (Wang et al.,
2007). Raw sequencing data have been submitted to NCBI
Sequence Read Archive2 with the project accession number
SRP093359.

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
2http://www.ncbi.nlm.nih.gov/sra/

Frontiers in Microbiology | www.frontiersin.org 3 April 2017 | Volume 8 | Article 679

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.ncbi.nlm.nih.gov/sra/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-00679 April 15, 2017 Time: 15:24 # 4

Nixon et al. Fracturing Fluid Additives Stimulate Souring

RESULTS

Bioreactor Experiments
Results from bioreactor experiments are summarized in Figure 1.
Sulfide production was detected in both bioreactors. Much
higher concentrations of sulfide were measured in bioreactor 1
(Figure 1A) compared to bioreactor 2 (Figure 1B). In both
cases, the concentration of total sulfide was highest after
inoculations had stopped, but before guar injection had ceased
(Figure 1, points 1 and 2, respectively). In bioreactor 1, the
average concentration of sulfide from day 0 to day 21 was
5.3 ± 1.6 mg/l. The average sulfide concentration for the same
period in bioreactor 2 was 2.5± 1.4 mg/l. In both bioreactors the
maximum total sulfide concentrations were recorded on day 63
(118.6 mg/l in bioreactor 1 and 12.6 mg/l in bioreactor 2). Sulfide
concentrations decreased in both bioreactors after guar injections
ceased. The average pH measured in bioreactors 1 and 2 was 8.3
and 7.6, respectively.

FIGURE 1 | Sulfide detected in guar gum bioreactor experiments,
expressed as milligram per liter with time. (A) Bioreactor 1, fed with
sulfate-amended freshwater medium and packed with glass beads.
(B) Bioreactor 2, fed with low-sulfate natural surface water and packed with
sand. Asterisks denote timepoints at which samples were taken for DNA
extraction and 16S rRNA sequencing.

Microbial Community Analysis
Microbial community composition was analyzed using 16S rRNA
gene sequencing. A total of 281 OTUs were detected in the
sulfate-reducing enrichment culture that was inoculated into
both bioreactors (the inoculum). In bioreactor 1 samples, 599
OTUs were detected by day 4, 347 by day 49, and 420 by day 77.
In bioreactor 2, 105 OTUs were observed by day 4, 135 by day
49, and 117 by day 77. Genus-level diversity of the inoculum and
bioreactor samples is shown in Figure 2.

The inoculum was dominated by Firmicutes (64.0%, 78
OTUs), of which 58% of obtained sequences were affiliated
to the class Clostridium (68 OTUs). The remainder of the
sequences were affiliated with the phyla Proteobacteria (30.3%,
29 OTUs) and Bacteroidetes (5.5%, 9 OTUs). Other phyla
accounted for less than 0.2% of the sequences from this sample.
The most abundant genera detected in the inoculum were
Clostridium (24.1%, 16 OTUs), Klebsiella (20.0%, 1 OTU) and
Sedimentibacter (8.8%, 6 OTUs). Sequences of unidentified
genera affiliated with the families Ruminococcaceae (7.8%, 13
OTUs), Enterobacteriaceae (5.9%, 1 OTU), Sphingobacteriaceae
(4.0%, 1 OTU), and Clostridiaceae (2.4%, 2 OTUs) were also
prominent. Sulfate-reducing genera detected in the inoculum
include Desulfovibrio (2.2%, 1 OTU), Desulfosporosinus (1.5%,
1 OTU), and Desulfitobacterium (0.7%, 1 OTU), and 0.1% of
sequences were assigned to the sulfur-reducing species Geobacter
sulfurreducens (1 OTU), which is also a well known Fe(III)-
reducing bacterium.

Sequences obtained from bioreactor 1 on day 4 were
dominated by Proteobacteria (77.9%, 114 OTUs), most of which
were affiliated to the class Alphaproteobacteria (50.1%, 28
OTUs), in addition to Gammaproteobacteria (15.2%, 20 OTUs)
and Betaproteobacteria (10.1%, 46 OTUs). The most abundant
genus in this sample was Brevundimonas, accounting for 32.2%
of sequences (2 OTUs). Other prominent bacteria in this
sample included members of the Acinetobacter (6.1%, 3 OTUs)
and Pseudomonas (3.6%, 7 OTUs) genera. In contrast to the
inoculum, sequences assigned to the Clostridium genus only
accounted for 1.8% (7 OTUs) of the community at this time
point.

By day 49, the bioreactor 1 community was dominated by
Proteobacteria (83.3%, 102 OTUs). The dominant genera were
Acinetobacter (63.2%, 3 OTUs), Pseudomonas (10.7%, 6 OTUs),
and Brevundimonas (4.6%, 2 OTUs). By day 77, diversity of
the community had substantially increased (see Figure 2).
Roughly two-thirds of sequences were affiliated with Firmicutes
(36.0%, 92 OTUs) and Proteobacteria (35.3%, 112 OTUs). The
majority of sequences assigned to the former were identified
as unknown members of the Defluviitaleaceae family, and 8.1%
were assigned to the sulfate-reducing genus Desulfosporosinus
(4 OTUs).

Bioreactor 2 was dominated with Proteobacteria throughout
the experiment, accounting for 71.1% (41 OTUs), 85.6%
(51 OTUs), and 80.7% (41 OTUs) of sequences by day 4, 49,
and 77, respectively. Actinobacteria accounted for 18.5% of
sequences at day 4 (11 OTUs), but less than 1% at the later
time points. Firmicutes were less abundant than in the inoculum
(64.0% 78 OTUs), but relatively stable throughout (9.4% at day
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FIGURE 2 | Genus-level microbial community composition of bioreactor experiments after 4, 49, and 77 days based on 16S rRNA gene sequences.
Genera that constituted less than 1% combined abundance were omitted. Where genus level could not be resolved, the last matched taxonomic level of
identification is given in parentheses. All patterned entries represent lineages implicated with sulfidogenesis. Included in the legend are lineages that represent 10%
or more relative abundance in a sample, and lineages implicated with sulfidogenesis.

4, 18 OTUs; 7.3% at day 49, 29 OTUs; 9.8% at day 77, 29
OTUs). Brevundimonas was the dominant genus at every time
point of the bioreactor 2 experiment, representing 65.0% of
day 4 sequences (5 OTUs), 44.8% of those obtained by day 49
(4 OTUs), and 45.0% at day 77 (6 OTUs). Organisms affiliated
with Georgenia species were also prominent by day 4, accounting
for 18.2% of sequences (2 OTUs). Unknown members of the
Clostridiaceae family represented 7.0% of sequences at the same
time point (4 OTUs), but were not detected at later time points.
Organisms most closely affiliated with Acinetobacter was the
second-most abundant genus by day 49 (31.9%, 3 OTUs) and 77
(33.0%, 2 OTUs).

The dominant genera identified throughout both bioreactor
experiments (representatives of Brevundimonas, Acinetobacter)
were detected in the inoculum, albeit each accounted for less
than 1% of the inoculum community. Pseudomonas, found to
be relatively prominent in bioreactor 1, was also detected in
the inoculum, although Georgenia (prominent in bioreactor 2)
was not. The bioreactors were not sterile prior to use in
these experiments, so may represent an additional source of
microorganisms.

Presence of Sulfidogenic Lineages
The presence and abundance of genera associated with sulfide
production are summarized in Figures 3, 4. Only assigned
taxa that include known bacterial strains capable of sulfide
production have been included in this analysis, however we
acknowledge that other microorganisms may have contributed
to sulfide production. The acetate oxidizing sulfate-reducing
enrichment used to inoculate the bioreactors appeared to
select for organisms most closely related to Desulfovibrio and
Desulfosporosinus species, though only the latter appeared to
increase in relative abundance in the bioreactor experiments (see
Figure 2).

The most abundant sulfate-reducing genus in the inoculum
was Desulfovibrio, although it only accounted for 2.4% of
sequences (1 OTU) obtained from this sample, and less than
1% of the community in both bioreactor experiments at every
time point. Close relatives of known Desulfosporosinus species
were also present in the inoculum (1.6%, 3 OTUs), although
less abundant than Desulfovibrio species. The relative abundance
of Desulfosporosinus species increased in the later stages of the
bioreactor 1 experiment, representing 10.2% (4 OTUs) of the day
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FIGURE 3 | Abundance of sulfidogenic taxa in Bioreactor 1 samples (sulfate-amended, packed with glass beads). Where genus level could not be
resolved, the last matched taxonomic level of identification is given in parentheses.

77 community (see Figures 2, 3). The thiosulfate-reducing genus
Dethiosulfatibacter was also detected in bioreactor 1 samples
(2.7% of day 77 community, 1 OTU), but was not detected in
the inoculum, presumably due to very low abundance, though its
presence in the bioreactor prior to inoculation cannot be ruled
out.

In bioreactor 2, Desulfosporosinus species were enriched
by day 77, representing 4.1% of the community (1 OTU).
Desulfitobacterium species were not detected in any samples
from bioreactor 2. Organisms most closely affiliated with
Dethiosulfatibacter and Desulfobulbus genera were both detected
at day 4, but each accounted for less than 0.1% of the community,
and were not detected in the inoculum or at later time points,
either due to their low abundance in the inoculum or because they
were already present in the bioreactor.

DISCUSSION

A number of organic additives are used in hydraulic fracturing
fluid, and whether these additives stimulate deleterious microbial
activity is poorly understood. The results from this study
demonstrate that guar gum, a widely used gelling agent
in disclosed hydraulic fracturing operations, can stimulate
heterotrophic microorganisms including sulfate-reducing
bacteria under conditions relevant to the terrestrial subsurface,
even with low sulfate concentrations typical of surface water
sources, ultimately fuelling biogenic sulfide production.

The enrichment of heterotrophic taxa in both bioreactor
experiments (Figure 2) suggests that guar gum is readily
bioavailable for microbial metabolism. Consistent with this was
the detection of high concentrations of volatile fatty acids in
both bioreactors at day 28 (principally acetate and propionate at
182.6 and 75.4 mg/l, respectively in bioreactor 1, and 169.4 mg/l
acetate and 109.8 mg/l propionate in bioreactor 2), which
depleted over the course of the experiment (data not shown).
Brevundimonas, the most abundant genus detected early in
the bioreactor 1 experiment and throughout the bioreactor 2
experiment (Figure 2), is a non-fermentative Gram-negative
genus in the alpha subdivision of the Proteobacteria, able to
draw upon a wide range of organic compounds for non-
fermentative respiration and is known to produce organic acids
as by-products (Segers et al., 1994). At least one strain of
Brevundimonas is known to metabolize mannose and galactose,
the two sugars that make up the guar gum galactomannan
polysaccharide (Segers et al., 1994). It therefore seems likely that
strains of Brevundimonas were able to metabolize guar gum and
its potential degradation products in these experiments. This
hypothesis warrants further investigation, including culturing
experiments with and without guar. Acinetobacter was also
prominent in later stages of both bioreactor experiments. Strains
of this genus are similarly non-fermentative and metabolically
versatile, capable of using an array of organic compounds as
sole energy and carbon sources (Doughari et al., 2011). A large
number of strains have been successfully isolated using acetate
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FIGURE 4 | Abundance of sulfidogenic taxa in Bioreactor 2 samples (low-sulfate, packed with sand). Where genus level could not be resolved, the last
matched taxonomic level of identification is given in parentheses.

as the sole source of carbon and energy (Warskow and Juni,
1972), which may be present as a guar degradation product in the
bioreactors. It is therefore feasible that strains of Acinetobacter
are also able to use guar gum, directly or via its degradation
products, in the experiments. Both genera were detected in the
inoculum, and are assumed to originate from the reservoir water
used to initiate the sulfate-reducing enrichment culture.

Unsurprisingly, sulfidogenic genera were more numerous
and abundant in samples taken from bioreactor 1 (injected
with sulfate-amended medium) compared with bioreactor 2
(injected with low-sulfate surface water). The most abundant
sulfate-reducing genera in bioreactor 1 were Desulfosporosinus,
Dethiosulfatibacter and unidentified members of the
Desulfobacteraceae family (Figures 2, 3). Of these, only
Desulfosporosinus was detected in the inoculum. It is possible
that these other taxa were in fact present but in such small
numbers that they were not detected during sequencing.
Interestingly, Dethiosulfatibacter species are unable to reduce
sulfate to sulfide, and instead utilize thiosulfate and elemental
sulfur as electron acceptors (Takii et al., 2007), neither
of which were supplied to the bioreactor. It is therefore

likely that Dethiosulfatibacter strains were not contributing
directly to sulfide production, and were instead operating a
fermentative metabolism (Takii et al., 2007), contributing to
the breakdown of guar gum. Some sulfate-reducing genera
that were enriched in the inoculum did not prosper in
the bioreactor experiment, such as Desulfitobacterium and
Desulfovibrio (Figure 3). The data therefore suggest that
Desulfosporosinus and members of the sulfate-reducing family
Desulfobacteraceae were responsible for sulfide production
measured in the bioreactor 1 experiment. The sulfide production
measured in bioreactor 2 (Figure 1) can most likely be
attributed to Desulfosporosinus, the only sulfidogenic taxon
that increased in abundance throughout the course of the
experiment (Figure 4). In both cases it is possible that taxa
other than those discussed here may have contributed to sulfide
production.

The sulfide production measured in both bioreactors does not
appear to be limited by the amount of sulfate available. Based
on a 1:1 ratio of sulfate reduced to sulfide produced (whether
direct or via intermediate sulfur species), the maximum amount
of sulfide that could be produced is equal to the concentration of
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sulfate available in each bioreactor, assuming the supply electron
donors is not limiting. Therefore, 15.7 mM sulfate added to
bioreactor 1 has the potential liberate 15.7 mM (519 mg/l) sulfide,
yet the maximum concentration measured was almost five times
lower. Similarly, only 12.6 mg/l total sulfide was measured in
bioreactor 2, more than six times lower than the maximum
concentration that could be produced from the direct reduction
of 79.6 mg/l sulfate measured in the pond water. In both cases
it therefore appears that the supply of electron donors was
limiting.

Results Compared to In Situ Studies of
Shale Gas Plays
A number of other studies have identified sulfidogenic
microorganisms obtained from active shale gas plays in the
US. Struchtemeyer and Elshahed (2012) conducted 16S rRNA
diversity analysis on flowback fluids from shale gas wells in
the Barnett shale, and identified sequences affiliated with the
sulfate-reducing genera Desulfosporosinus, Desulfotomaculum, as
well as thiosulfate- and sulfur-reducing genera Dethiosulfovibrio,
Thermotoga, Petrotoga, Thermovirga, and Halanaerobium. Davis
et al. (2012) monitored the change in microbial communities
in post-fracturing fluids stored in tanks in the Barnett shale
formation over a 6-month period using 16S rRNA gene
sequencing, and found the number of sequences affiliated
with Desulfovibrio increased over time. However, their results
indicate that the thiosulfate-reducing Halanaerobium genus
was more abundant, and likely contributed to the biogenic
sulfide production reported in this area (Fichter et al., 2008,
2009). Indeed, it is common that microorganisms other than
those traditionally thought of as sulfate-reducing bacteria are
the dominant sulfide-producers in conventional hydrocarbon
reservoirs, especially at elevated temperature and pressure (Gittel
et al., 2009; Stevenson et al., 2011) Desulfovibrio was found to be
abundant in flowback fluids from one well in the Antrim shale
gas play (Kirk et al., 2012), consistent with results reported by
Davis et al. (2012). Desulfobacter halotolerans was abundant in a
flowback impoundment in the Marcellus shale, despite treatment
with biocide, though Halanaerobium congolense accounted for
more than half of sequences obtained from 16S rRNA analysis
(Mohan et al., 2013b). Halanaerobium is a genus of halophilic
bacteria, capable of fermentation of wide array of organics as
well as thiosulfate- and sulfur-reduction (Zeikus et al., 1983), and
was also found to dominate sequences from produced waters in
other studies of the same shale gas play (Mohan et al., 2013a;
Cluff et al., 2014; Daly et al., 2016). Strains of the same genus in
flowback fluids were later shown to be viable (Akob et al., 2015),
and, more recently, capable of degrading guar gum (Liang et al.,
2016).

It is clear that sulfidogenic taxa are common in flowback
and produced fluids from active shale gas plays, though the
overlap with those identified in our experiments is limited to
Desulfosporosinus species (Struchtemeyer and Elshahed, 2012).
In addition, a number of studies have identified the prominence
of non-sulfate-reducing sulfidogenic taxa, especially stains of
Halanaerobium. This genus was absent from our bioreactor

samples, in part owing to the lack of thiosulfate and high salt
concentrations in the systems.

Bioreactor Compared with In Situ
Conditions
In this study, we sought to simulate conditions more relevant
to the deep terrestrial subsurface compared with conventional
serum bottle substrate utilization tests. In particular, bioreactor
experiments were run at high pressure (1000 psi, 68.9 bar,
6.89 MPa), and bioreactor 2 was fed with terrestrial surface water
which represents a plausible source of fracturing fluid water in
future UK shale gas extraction (CIWEM, 2016). Furthermore,
the sulfate-reducing enrichment culture was initiated with water
from a drinking water reservoir, a similarly plausible source
of water for UK hydraulic fracturing operations, and thus the
microbial community introduced to the bioreactor experiments
could be considered highly appropriate.

A number of parameters at play in the hydraulic fracturing
of shale formations were not, however, represented in the
experiments reported here. These parameters are likely to impact
on bacterial community composition, and can account for the
major differences in our study compared with in situ studies.
For example, hydraulic fracturing leads to significant changes
in fracturing fluid composition that were not reflected in the
bioreactor experiments. During shale gas extraction, input fluids
are subjected to temperatures above 50◦C, and pressures greater
than 30 MPa (Fichter et al., 2012; Picard and Daniel, 2013). Upon
contact with freshly fractured shale, these fluids are influenced
by the chemical composition of the formation, observed in
flowback and produced waters as high concentrations of total
dissolved solids, dissolved organic carbon, naturally-occurring
radioactive minerals, lower pH, and salinities that can reach
several times that of seawater (Struchtemeyer and Elshahed,
2012; Mohan et al., 2013a; Akob et al., 2015; Liang et al.,
2016). Furthermore, the increased temperatures encountered by
hydraulic fracturing fluids at depth may alter the properties (and
hence the bioavailability) of organic additives, including guar
gum. Significant changes in microbial diversity can be seen as a
result of these well-documented chemical changes, from a typical
freshwater aerobic community in input fluids, to a less diverse
anaerobic community in flowback fluids. The predominance of
halotolerant and halophilic taxa in flowback waters indicates that
salinity is a significant contributing factor to changes in microbial
ecology (Struchtemeyer and Elshahed, 2012; Mohan et al., 2013a;
Cluff et al., 2014; Akob et al., 2015; Daly et al., 2016), and most
likely accounts for the lack of halophilic sulfidogens, such as
Halanaerobium (Zeikus et al., 1983), in our experiments. It is
worth noting, however, that relatively few shale gas plays have
been assessed with regard to microbial activity, and it remains
unclear to what extent the predominance of certain taxa over
others are controlled by factors such as the choice of source
water used for fracturing fluids, the characteristics of the shale
formations, the mix of additive used, and operational parameters
chosen. These factors may change significantly in shale gas
extraction development outside of the US. The experiments
reported here thus serve as a blueprint for an ex situ method
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superior to simple microcosm tests. This methodology can be
applied extensively to better constrain the factors that contribute
to souring and other deleterious microbial activities during shale
gas extraction operations.

Sources of Carbon and Energy for
Biogenic Sulfide Production during Shale
Gas Extraction
In this study, we have demonstrated that guar gum, a
commonly used gelling agent added to fracturing fluids, has
the potential to stimulate biogenic sulfide production. However
guar gum is not the only potential electron donor for microbial
activity during shale gas extraction. An alternative gelling
agent to guar is cellulose, readily fermented by heterotrophic
bacteria (e.g., Weimer and Zeikus, 1977), the by-products
of which could serve as electron donors for sulfidogenesis.
Acetate is a well-known electron donor for microbial sulfate
reduction (e.g., Laanbroek and Pfennig, 1981), and is added
to fracturing fluids to control pH (Elsner and Hoelzer, 2016).
It is also plausible that other fracturing fluid additives known
to be bioavailable to microorganisms, such as polyacrylamide
(Nakamiya and Kinoshita, 1995; Wen et al., 2010) and
ethylene glycol (Haines and Alexander, 1975; Watson and
Jones, 1977; McGahey and Bouwer, 1992), would be broken
down into directly available electron donors during hydraulic
fracturing.

Another source of organic carbon and energy is the formation
itself. Shale is organic rich, and whilst its nanodarcy permeability
is thought to render it uninhabitable, the organic compounds
they host are thought to support microbial communities at the
interface of more permeable strata (Frederickson et al., 1997;
Krumholz et al., 2002). It is clear from the organic chemistry of
flowback and produced fluids that hydraulic fracturing liberates
hydrocarbons from the formation (Strong et al., 2014). These
hydrocarbons could conceivably serve as an indirect source of
electron donors after undergoing fermentation by heterotrophic
bacteria (e.g., species of Halanaerobium, Zeikus et al., 1983).
Additionally, highly oxidizing peroxide compounds are added
to fracturing fluids to reduce fluid viscosity and allow for
fluid recovery prior to gas flow, and these compounds may
render otherwise recalcitrant kerogen more bioavailable through
oxidation.

Struchtemeyer et al. (2011) demonstrated that organic
polymers in drilling waters were degraded by a community
of anaerobic microorganisms present in drilling muds. Barite
(BaSO4) and sulfonates, added to drilling mud to add
weight and reduce viscosity, respectively, were also found to
stimulate sulfate-reducing microorganisms and biogenic sulfide
production (Struchtemeyer et al., 2011). The act of drilling into
shale formations prior to hydraulic fracturing can therefore
introduce additional carbon and energy sources for sulfidogenesis
before organic-rich fracturing fluids are injected.

Additional sources of sulfur compounds can also be found
in injection fluids, though to a much lesser extent than organic
carbon. In a thorough review of disclosed fracturing fluid
additives, Elsner and Hoelzer (2016) report the use of organo

sulfonates as surfactants in 4% of operations, sodium sulfate to
control ionic strength in 2.4% of operations, ammonium sulfate
as a friction reducer in 1.1%, and ferric sulfate as a crosslinker
in less than 1%. The source of water used to make up fracturing
fluid may also harbor sulfate concentrations sufficient to lead
to detectable biogenic sulfide production, though this will vary
with operation location. In addition, it is plausible that oxidizing
agents added to fracturing fluids to reduce viscosity for fluid
recovery (breakers) could oxidize any reduced sulfur native to
the formation [either as pyrite (Raiswell and Berner, 1986; Gross
et al., 2015) or organo-sulfur compounds (Tissot and Welte, 1978;
Sinninghe Damsté and de Leeuw, 1989)], thereby rendering it
available to support sulfidogenesis through sulfate-, thiosulfate-,
or sulfur-reduction.

CONCLUSION

Using bespoke high-pressure bioreactor systems, we have
demonstrated that guar gum, the most commonly used gelling
agent in hydraulic fracturing fluids, can serve as a carbon
and electron donor source for a sulfate-reducing microbial
community, leading to biogenic sulfide production. These results
have important implications for our understanding of the
critical factors controlling souring during shale gas extraction,
and highlight the value of adopting a bespoke bioreactor
methodology to study these constraints in isolation. Future
research should seek to accurately simulate the elevated pressures,
temperatures and aqueous geochemistry encountered during
shale gas extraction. This approach could be used to assess
the potential for other additives to stimulate sulfidogenesis
and other microbial processes, for example, biofilm formation
and clogging, using the pressurized bioreactor model employed
here, in order to better define the least problematic fracturing
fluid composition, and to identify the microorganisms that
need to be controlled prior to re-use of flowback fluids. The
methodology adopted in this study offers the opportunity to
probe the microbial metabolisms observed recently to be active
in hydraulic fracturing produced waters in more detail (Daly
et al., 2016). In particular, our approach allows for the relative
influence of fracturing fluid additives on the activity of these
metabolisms to be constrained beyond what is possible through
in situ studies.
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