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Demand for natural gas continues to climb in the United States, having reached a 
record monthly high of 104.9 billion cubic feet per day (Bcf/d) in November 2023. 
Hydraulic fracturing, a technique used to extract natural gas and oil from deep 
underground reservoirs, involves injecting large volumes of fluid, proppant, and 
chemical additives into shale units. This is followed by a “shut-in” period, during 
which the fracture fluid remains pressurized in the well for several weeks. The 
microbial processes that occur within the reservoir during this shut-in period are not 
well understood; yet, these reactions may significantly impact the structural integrity 
and overall recovery of oil and gas from the well. To shed light on this critical phase, 
we conducted an analysis of both pre-shut-in material alongside production fluid 
collected throughout the initial production phase at the Hydraulic Fracturing Test Site 
2 (HFTS 2) located in the prolific Wolfcamp formation within the Permian Delaware 
Basin of west Texas, USA. Specifically, we aimed to assess the microbial ecology 
and functional potential of the microbial community during this crucial time frame. 
Prior analysis of 16S rRNA sequencing data through the first 35 days of production 
revealed a strong selection for a Clostridia species corresponding to a significant 
decrease in microbial diversity. Here, we  performed a metagenomic analysis of 
produced water sampled on Day 33 of production. This analysis yielded three high-
quality metagenome-assembled genomes (MAGs), one of which was a Clostridia 
draft genome closely related to the recently classified Petromonas tenebris. This draft 
genome likely represents the dominant Clostridia species observed in our 16S rRNA 
profile. Annotation of the MAGs revealed the presence of genes involved in critical 
metabolic processes, including thiosulfate reduction, mixed acid fermentation, 
and biofilm formation. These findings suggest that this microbial community has 
the potential to contribute to well souring, biocorrosion, and biofouling within the 
reservoir. Our research provides unique insights into the early stages of production 
in one of the most prolific unconventional plays in the United States, with important 
implications for well management and energy recovery.
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Introduction

Hydraulic fracturing accounts for the majority of new oil and 
natural gas wells in the United States, with the U.S. Energy Information 
Administration projecting at least a 1 Bcf/d increase in demand for 
early 2024 (Short-Term Energy Outlook – U.S., n.d.). Most of these 
unconventional oil and gas wells are horizontally drilled. The most 
prolific hydrocarbon-producing shale play in the United States is the 
Permian Basin in west Texas, which consists of the Delaware, Midland, 
and Central sub-basins. The Wolfcamp Shale is an organic-rich 
formation deposited throughout all three sub-basins and is responsible 
for approximately 4 Bcf/d of natural gas, more than one-third of the 
total natural gas recovered from the Permian, making it the most 
productive shale gas-bearing formation in this region (Permian Basin 
Wolfcamp and Bone Spring Shale Plays Geology Review, 2019; 
U.S. Energy Information Administration, 2022).

The process of hydraulic fracturing involves the injection of large 
volumes of fluid, typically 2–4 million gallons of water per well, 
accompanied by proppant with chemical additives (termed fracture 
fluid or frac fluid) into the shale unit (Chen et al., 2014; Stringfellow 
et al., 2014). This is then followed by a “shut-in” period during which 
the fracture fluid in the well is pressurized for up to 3 weeks. Once this 
initial shut-in period has ended, the well begins producing, and the 
flow-back phase begins. The injected fluid reacts with the shale 
formation over time and the produced fluid composition shifts from 
a flowback water to an oil/gas associated fluid with high total dissolved 
solids termed “produced water” (Gregory et al., 2011). During this 
“shut-in” time, biogeochemical and microbiology changes may occur 
in the reservoir that will impact the produced water (Osselin et al., 
2019; Gulliver et al., 2021).

Microbial growth in oil and gas reservoirs has been well 
established despite the use of biocides and the harsh physicochemical 
conditions of produced water including high salinity (greater than 
35,000 mg/L) and pressure (5,000 to 12,000 psi), variable temperatures 
(around 100°C), and low oxygen (less than 1%) (Elshahed and 
Struchtemeyer, 2012; Chen et al., 2014; Daly et al., 2016; Lipus et al., 
2018; Gulliver et al., 2021; Stemple et al., 2021). Biological activity is 
generally disadvantageous in hydraulic fracturing operations as 
certain microbial metabolisms can contribute to bacterial hydrogen 
sulfide and acid production, leading to reservoir souring and 
microbial-influenced corrosion (MIC). Additionally, the formation of 
biofilms can result in biofouling, characterized by the undesirable 
accumulation of microorganisms, and bioclogging, where microbial 
cells accumulate within the pores of materials potentially damaging 
infrastructure and obstructing pipelines (Bakke et al., 1992; Youssef 
et al., 2009; Gieg et al., 2011; Gaspar et al., 2014). These detrimental 
microbial processes can greatly impact the efficiency and recovery of 
hydrocarbons, cause subsequent infrastructure damage, decrease 
economic benefits, and exacerbate the environmental impacts of 
extraction operations (Gaspar et  al., 2014). It is necessary to 
understand the metabolic potential of microorganism in shale gas 
environments to predict and limit the influence of undesirable 
biological activity in energy extraction operations of shale 
gas reservoirs.

There is limited knowledge on what occurs in shale gas reservoirs 
during the initial production phase once the shut-in period process 
has concluded. Prior work investigating the microbial ecology of shale 
gas produced water has established a general trend in microbial 

community structure that reveals a shift in microbial composition 
from diverse populations introduced through fluid injection to a more 
heterogenous community often dominated by thermo- and 
halotolerant anaerobic microbes (Mohan et al., 2013; Murali Mohan 
et  al., 2013; Mouser et  al., 2016). Previous studies have shown 
Halanaerobium to be a pervasive genus throughout the production 
phase and the dominant community member in produced water 
examined from both the Marcellus and Bakken Shales (Lipus et al., 
2017, 2018; Tinker et al., 2022). This genus is capable of fermentation 
and thiosulfate reduction (Daly et al., 2016; Liang et al., 2016; Lipus 
et al., 2017). Other halo- and thermotolerant members of Bacillota 
and Proteobacterial taxa including Pseudomonas, Acinetobacter, 
Halomonas, Marinobacter, and archaeal groups including 
Methanohalophilus and Methanosarcina are prevalent shale taxa 
associated with production fluid microbiomes from more 
characterized shale plays (Davis et al., 2012; Mohan et al., 2013; Cluff 
et al., 2014; Tucker et al., 2015; Daly et al., 2016).

Several of the studies referenced above have used 16S rRNA gene 
analysis to classify important microbial communities associated with 
hydraulic fracturing production from a variety of shale formations 
including the Marcellus, Bakken, Antrim, and Barnett shales (Davis 
et al., 2012; Cluff et al., 2014; Mohan et al., 2014; Tucker et al., 2015; 
Lipus et al., 2018; Stemple et al., 2021). Although 16S rRNA studies 
provide insight into the microbial community and structure of these 
environments, this technique can also be fundamentally limited in its 
ability to understand the functional capacity and metabolic linkages 
within these crucial systems. Additional information is needed to 
understand the functional potential of key taxa identified including 
metagenomic surveys generated from whole genome sequencing. 
There has been impressive, yet a limited number of metagenomic 
studies examining shale-produced fluids to evaluate the functional 
potential of microbial communities, limited almost entirely to the 
Marcellus Shale (Mohan et al., 2014; Daly et al., 2016; Booker et al., 
2017; Lipus et  al., 2017; Booker et  al., 2019). Daly et  al. (2016) 
reconstructed genomes from produced water collected from 
hydraulically fractured Marcellus and Utica Shales to investigate the 
functional roles of abundant halotolerant taxa observed along with 
metabolite analysis of the produced water. This study has led to 
subsequent laboratory studies investigating dominant Halanaerobium 
strains isolated from sampled Utica formation fluids, which have 
revealed the metabolic potential for subsurface biofilm formation and 
biogenic sulfide production catalyzed by the Halanaerobium bacteria 
(Booker et  al., 2017, 2019). Lipus et  al. (2017) also investigated 
Marcellus Shale wells, reconstructing and annotating a Halanaerobium 
draft genome that showed genetic evidence for fermentation, 
thiosulfate reduction, and biofilm formation pathways. These studies 
highlight the necessity of broadening our understanding of microbial 
metabolism within hydraulically fractured oil and gas wells across the 
major United States shale plays. They also underscore the potential for 
detrimental processes, such as microbial-induced corrosion and 
sulfide production, which can have adverse impacts on the 
infrastructure, operations, and recovery efficiency of the oil and 
gas industry.

The objective of this study was to assess the composition, 
abundance, and functional potential of microbial communities in 
production fluid collected in the first 35 days of production following 
a three-week shut-in period in the Delaware Basin. This assessment 
was also evaluated and compared with the pre-shut-in fracture fluid 
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and unreacted proppant material. We sought to understand how the 
microbial community structure would evolve throughout early phase 
production of the Hydraulic Fracture Test Site 2 (HFTS 2) located in 
one of the most prolific oil and gas plays in the United States and 
examine the microbial functional potential of this production fluid. 
Furthermore, we aimed to characterize the metabolic profile of an 
abundant Clostridia species observed to be highly enriched throughout 
most of the early phase production in our initial 16S rRNA analysis. 
This work can be used to understand important biological activity that 
occurs in the early production phase of hydraulic fracturing and 
contribute to the growing knowledge of produced water microbiology 
that can help mitigate undesirable events such as MIC, well souring, 
and biofouling in hydraulic fracturing operations.

Materials and methods

Sampling and DNA isolation

Sampling and DNA isolation were performed by collaborators at 
the Gas Technology Institute (GTI). Production fluid was sampled 
over a 35-day period spanning from August 15, 2019, to September 
19, 2019, at the Hydraulic Fracture Test Site 2 (HFTS 2) in the 
Delaware-Wolfcamp Formation. Fracture fluid and unreacted 
proppant were also sampled. DNA was extracted from produced fluid 
collected from the HFTS 2 site following the DNeasy Powersoil kit as 
well as four kit blanks (QIAGEN, Hilden, Germany).

Quantitative PCR

The microbial load was measured using previously described 
quantitative polymerase chain reaction (qPCR) methodology at the 
National Energy Technology Laboratory (NETL, Pittsburgh, PA) to 
assess the relative abundance of microbes in produced water samples 
(Tinker et  al., 2020). Briefly, 16S rRNA gene primers (F: 
GTGSTGCAYGGYTGTCGTCA; R: ACGTCRTCCMCACCTTCCTC) 
designed by Maeda et al. (2003) were used with an expected amplicon 
size of 146 base pairs. qPCR reactions were run in triplicate on a 
Magnetic Induction Cycler (MIC) (Bio Molecular Systems, Upper 
Coomera, Australia). Each reaction contained 2X SensiFAST SYBR 
No-Rox master mix (Bioline, London, United  Kingdom), 400 nM 
forward primer, 400 nM reverse primer, and 1 μL of template DNA for 
a total reaction of 20 μL. Conditions for qPCR consisted of a polymerase 
activation step at 95°C for 2 min followed by 40 amplification cycles 
each consisting of: denaturation at 95°C for 5 s, annealing at 62°C for 
5 s, and an extension step at 72°C for 1 s. Standard curves were 
generated using gBlocks Gene Fragments (Integrated DNA 
Technologies, Coralville, IA, United States) (Supplementary Figure S1), 
and we included negative control samples in each amplification assay.

16S rRNA gene sequencing and analysis

Isolated DNA was amplified using universal primers targeting the 
V4 region of the 16S gene, as has been described by Caporaso et al. 
(2011, 2012). Extraction blanks were PCR amplified as well to ensure 
no contamination had occurred. Samples were visualized using an 
Agilent Bioanalyzer to assess DNA quality. We confirmed that the 

bioanalyzer contained a strong peak in the area of interest 
(approximately 350 bp for the V4 amplicon with adapters and 
barcodes). If there were visible primer dimers or non-specific PCR 
amplification on the bioanalyzer, we  did an additional round of 
cleaning and/or repeated the PCR when possible. DNA libraries were 
then constructed following manufacturer’s instructions and sequenced 
on an Illumina MiSeq (Illumina, San Diego, CA) using a 300 cycle V2 
Nano kit. Raw sequences were deposited to NCBI under 
BioProject PRJNA1068269.

16S rRNA gene single-end sequences were analyzed using 
Quantitative Insights into Microbial Ecology (QIIME) 2 pipeline 
version 2021.20 (Bolyen et al., 2019). Sequences were imported using 
EMPSingleEndSequences and demultiplexed using demux emp-single 
command. Sequences were then denoised and quality trimmed using 
the DADA2 denoising software package wrapped in QIIME2, with 
default settings and a truncation length of 250 bps. The Q2-diversity 
plugin was used to analyze alpha diversity metrics including Chao1 
and Shannon Indexes (Figure  1; Table  1). The classify-sklearn 
(Pedregosa et  al., 2011) command was used in order to classify 
taxonomy of the representative sequences using a pre-trained Naïve 
Bayes classifier trained on Silva 132 99% OTUs from the 515F/806R 
region (Quast et  al., 2013; Yilmaz et  al., 2014). Initial 16S rRNA 
sequence processing and analysis have been previously described in 
Gulliver et  al. (2021) presented at the Unconventional Resources 
Technology Conference.

Metagenomic sequencing

Isolated DNA from Day 33 was selected for shotgun metagenomic 
sequencing to further investigate the metabolic potential of the highly 
enriched Clostridia species identified to be almost 100% abundant in 
the Day 33 16S rRNA gene data. Isolated DNA was sequenced at the 
SeqCenter (formerly, Microbial Genome Sequencing Center) 
(Pittsburgh, Pennsylvania), and whole shotgun metagenomic 
sequencing was performed at a depth of 1 Gpb on the NextSeq 2000 
platform following the Illumina manufacturer’s instructions available 
at support.illuminia.com. The resultant reads were paired-end reads 
(2×151) delivered as FASTQ files. Shotgun metagenome sequencing 
generated 22,301,506 total paired-end reads. Raw sequences were 
deposited to NCBI under BioProject PRJNA1068269.

Metagenomic assembly, binning, and 
analysis

Quality of total sequenced DNA was assessed using FASTQC 
v0.11.9, and paired-end reads were trimmed with Trimmomatic 
v0.36. Reads were then assembled using IDBA-UD v1.1.13 with 
default parameters (Peng et  al., 2012). The minimum contig 
length was 500 bp, the maximum length was 60,262 bp, and the 
N50 was 10,786 bp. Additional assembly information is included 
in Supplementary Table S1. Read recruitment back to assemblies 
was performed via BowTie2 v2.3.2, and metagenomic assemblies 
were binned with MetaBAT2 v1.7 to recover metagenome-
assembled genomes (MAGs) (Langmead and Salzberg, 2012; 
Kang et al., 2015). Bins were quality assessed using QUAST v4.4, 
CheckM was used to assign a percent completion and 
contamination for each metagenomic bin, and three high-quality 
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bins (>90% completion, <5% contamination) were recovered 
from our Day 33 production fluid sample (Table  2; Gurevich 
et al., 2013; Parks et al., 2015). All three MAGs were taxonomically 
classified using GTDB-Tk v1.0.2 (Chaumeil et  al., 2020). 
Metagenomic assemblies were then annotated using DRAM 
v0.1.0 using default parameters (Shaffer et al., 2020).

Metabolic profiling of HFTS 2 MAGs

DRAM annotations were used to make inferences about the 
important metabolic pathways of major players in this subsurface 

system, including the heavily enriched Clostridia species. Gene 
annotations were confirmed using RASTtk v1.073 and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) to identify the 
presence or absence of specific genomic features (protein encoding 
genes and RNA) involved in microbial metabolisms including 
fermentation pathways, sulfur metabolism, biofilm production, and 
methanogenesis (Brettin et al., 2015; Kanehisa et al., 2021). These 
pathways were chosen because the biological production of acid, 
sulfide, and biofilms can lead to biocorrosion and biofouling that 
can cause structural and functional damage within the hydraulic 
fracturing infrastructure (Caporaso et  al., 2011; Kahrilas 
et al., 2015).

FIGURE 1

Alpha diversity analysis of fluid production samples during HFTS 2 production. Days 5 and 7 were not included as there was not enough detectable 
DNA for diversity analysis.

TABLE 1 Alpha diversity results for Wolfcamp formation production fluid determined by 16S rRNA sequencing.

Sample day Number of Reads RichnessR DiversityD 16S rRNA gene 
copies/mL sample

Day 1 6,277 100 4.40 3.83×104

Day 5 BDL BDL BDL BDL

Day 7 BDL BDL BDL BDL

Day 12 8,613 15 1.03 1.37×104

Day 14 4,937 15 0.78 6.81×103

Day 19 5,307 5 0.64 6.06×105

Day 21 312 1 N/A 6.73×106

Day 26 8,028 13 0.83 2.60×104

Day 27 1,671 3 0.15 2.13×106

Day 33 2,106 3 0.03 9.08×107

Day 35 3,957 3 0.50 1.67×106

Frac Fluid 1,932 29 3.60 4.96×106

Unreacted Proppant 1,877 52 4.91 3.24×105

RChao1 Index, DShannon Index.
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Results

Microbial abundance of production fluid

The microbial biomass load of the Wolfcamp Formation region 
was determined via qPCR. The microbial loads for the production 
fluid samples ranged from 101 to 105 16S rRNA gene copies/mL 
(Table 1). The fracture fluid (frac fluid) used during injection for the 
hydraulic fracturing process and unreacted proppant were analyzed 
as well. Both frac fluid and unreacted proppant showed abundances 
of 5.0×106 and 3.4×105 16S rRNA gene copies/mL sample, respectively, 
indicating a considerable microbial population injected into the well. 
Our analysis of frac fluid and unreacted proppant revealed a relatively 
high microbial population size, comparable to the levels observed in 
the later weeks of production. There was not enough detectable DNA 
to allow for abundance analysis at Day 5 or 7, suggesting a substantial 
decrease in the microbial population occurred after the first day of 
production. However, we did observe an increase in biomass load 
starting on Day 12 of production, with the highest biomass from the 
produced water load being detected on Day 33.

Microbial diversity and 16S rRNA 
community composition of early 
production fluid

The microbial diversity of the collected samples was analyzed by 
calculating the richness and diversity within each sample based on the 
ASV table obtained by 16S rRNA amplicon sequencing (Figure 1). 
Our analysis of frac fluid and proppant showed a relatively high 
diversity compared with most production fluid samples, with Chao1 
indexes of 29 and 52 and Shannon Indexes of 3.60 and 4.91 for the frac 
fluid and unreacted proppant, respectively (Table 1). This suggests that 
the fluids injected into the well had a relatively diverse microbial 
population. Chao1 index ranged between 1 and 100 and the Shannon 

diversity index ranged between 0.03 and 4.40 for all samples, with Day 
1 having the most diverse microbial community among fluid 
production samples.

The microbial community composition was first assessed by 
16S rRNA gene sequencing (Figure 2). The starting frac fluid and 
unreacted proppant had a higher diversity consisting of several 
environmental bacterial groups with a wide variety of metabolisms 
that have been classified from various environments including 
ground water and mud (Alegado et al., 2013; Tatar, 2018; Bowman, 
2020). Post shut-in, microbial diversity was relatively high for the 
first day of production. The Day 1 microbial community was 
predominantly comprised of numerous low-abundance 
microorganisms, with only two genera, Caminicella (35%) and 
Desulfovibrio (12%), representing more than 10% of the 
community. This was reflected by the high diversity (Shannon 
Index 4.40, Chao1 Index 100) for Day 1, which was greater than 
all other days observed, including the initial frac fluid and 
unreacted proppant. The observed rebound in microbial load after 
12 days of production was accompanied by a sharp decrease in 
diversity with the emergence of Caminicella, a single taxon that 
dominated the system. Caminicella, initially undetected in both 
the frac fluid and the unreacted proppant, exhibited a 35% relative 
abundance on the first day of production. By Day 12, this genus 
was highly enriched in the system, surpassing 90%; appearing to 
outcompete the more biodiverse, less abundant populations that 
were initially observed.

Metagenome-assembled genomes provide 
metabolic insights significant to natural gas 
recovery

Three metagenome-assembled genomes (MAGs), described in 
Table 2, were obtained from our metagenomic analysis of Day 33 
HFTS 2 production fluid. All three MAGs belong to taxonomic groups 

FIGURE 2

Relative abundance of samples during HFTS 2 production. All relative abundance is listed at the genus level, with the exception of uncultured family 
level groups that could not be further resolved. All listed genera are above 3% relative abundance, with the remaining genus grouped in “Other.” “.uc” 
represents uncultured groups.
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that have been previously detected in subsurface unconventional oil 
and gas reservoirs (Pannekens et al., 2019; Christman et al., 2020; 
Tinker et al., 2020; Scheffer et al., 2021). Although our 16S rRNA 
sequencing of Day 33 production fluid demonstrated a relative 
abundance of 99% of a Clostridia species closely related to Caminicella 
sp., two additional high-quality MAGs were recovered from shotgun 
metagenomic sequencing. Whole genome metagenomic analysis 
putatively resolved the unknown Clostridia species as the thermophilic 
Petromonas tenebris, part of the divergent clostridial lineage isolated 
from a high salt, high temperature oil reservoir (Christman et al., 
2020). The smallest genome was identified as Methanothermococcus 
thermolithotrophicus, a thermophilic, hydrogenotrophic methanogen 
that has been previously identified in produced waters recovered from 
the Permian Basin in Texas (Tinker et al., 2020). Our final MAG was 
resolved to the Family level, classified as a member of the 
Flexistipitaceae family. Together the 16S rRNA and metagenomic 
findings provide a putative framework for the in situ microbiome of 
the HFTS 2 gas reservoir during early phase production.

Ecosystem-relevant putative metabolisms that were identified in 
the three recovered MAGs are summarized in Supplementary Figure S3, 
and detailed annotations of proteins of interests are provided in the 
subsequent section (Supplementary Figure S3). The following 
discussion explores the metabolic potential of our annotated MAGs 
and presents genetic evidence pertaining to sulfur, mixed acid 
fermentation, and methanogenesis pathways that are critical to the 
hydraulic fracturing industry.

Sulfur cycling

Microbial-induced corrosion (MIC) has been previously 
connected to the presence of sulfate and thiosulfate-reducing activity 
in microorganisms, leading to the production of hydrogen sulfide 
(Liang et al., 2016). Sulfide production in the well can cause biogenic 
souring, which can consequently instigate operational, environmental, 
and recovery deficiencies. Wells that contain more than 4 ppmv of H2S 
are considered “sour,” and the occurrence of sour gas can be toxic and 
dangerous for operation workers as well as lead to pitting of steel and 

stress corrosion of that can damage structural materials such as metal 
pipes compromising well infrastructure (Choudhary et  al., 2015; 
Gaspar et al., 2016). This led us to search for genes involved in both 
sulfate and thiosulfate sulfidogenesis to better characterize the sulfur 
respiration potential in our recovered MAGs.

Annotation of our metagenomic sequences did not uncover the 
presence of any dissimilatory sulfate reductase genes (dsrAB) involved 
in classical sulfate reduction. Our search did identify genes for 
thiosulfate reduction in both the P. tenebris and Flexistipitaceae draft 
genomes. This included thiosulfate sulfurtransferase (TST)/rhodanese 
genes and genes coding for anaerobic sulfite reductase asrABC (AsrA, 
AsrB, AsrC), involved in sulfite reduction, which reduces sulfite to 
sulfide under anaerobic conditions (Hallenbeck et  al., 1989). This 
analysis also revealed several protein encoding genes including two 
rhodanese genes, rdlA, a thiosulfate sulfurtransferase involved in 
anaerobic thiosulfate reduction of thiosulfate to sulfite and Mpst that 
converts thiosulfate to adenylyl sulfate (Ravot et al., 2005). These genes 
have previously been described in Halanaerobium sp., including 
H. congolense, H. saccharolyticum, and H. T82-1, a moderately 
halophilic bacterium known to reduce thiosulfate and sulfur into 
sulfide, as well as other unidentified anaerobic, thiosulfate-reducing 
Clostridiales such as SRL 4198 (Ravot et al., 1995, 2005; Daly et al., 
2016). We identified all three anaerobic sulfite reductase genes, AsrA, 
AsrB, and AsrC, in the P. tenebris draft genome. We also observed the 
presence of a thiosulfate reductase/polysulfide reductase in the 
Flexistipitaceae draft genome, indicating this species may also perform 
dissimilatory thiosulfate reduction as part of its sulfur metabolism.

Mixed acid fermentation

Our MAG annotation analysis also revealed the presence of genes 
associated with mixed acid fermentation, specifically indicated by the 
presence of genes related to short-chain fatty acids (SCFA) and alcohol 
conversions provided by DRAM. Identification of these genes indicates 
putative metabolic pathways that could contribute to acid production 
in produced water leading to MIC. We discovered several genes in the 
P. tenebris draft genome involved in pyruvate metabolisms, including 

TABLE 2 Metagenome characteristics and taxonomic assignments of 3 MAGs isolated from HFTS 2 production fluid.

Bin name MAG 1 MAG 2 MAG 3

Sequence statistics Genome size 1,353,951 2,429,042 1,832,813

Number of contigs 137 226 166

tRNA count 25 42 29

N50 12,854 14,934 15,012

GC content (%) 32.87 33.49 34.38

Completion (%) 85.5 89.0 90.0

Contamination (%) 0.48 0.35 1.75

Taxonomic assignments Domain Archaea Bacteria Bacteria

Phylum Methanobacteriota Bacillota Deferribacterota

Class Methanococci Clostridia Deferribacteres

Order Methanococcales Peptostreptococcales Deferribacterales

Family Methanococcaceae Caminicellaceae Flexistipitaceae

Genus Methanothermococcus Petromonas –

Species M. thermolithotrophicus P. tenebris –
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ldh, which encodes a lactate dehydrogenase involved in the conversion 
of pyruvate to lactate; adh, which encodes for an alcohol dehydrogenase 
that converts simple sugars to ethanol; and two genes involved in the 
Pfl complex that encode for pyruvate formate-lyase that transforms 
pyruvate to hydrogen and carbon dioxide (Table 3; Knappe and Sawers, 
1990; Farhana and Lappin, 2024). Furthermore, acetate kinase, ack, 
which facilitates the reversible reaction of acetyl-phosphate to acetate, 

was identified in both P. tenebris and Flexistipitaceae MAGs, and Pta, 
which encodes a phosphate acetyltransferase that converts Acetyl-CoA 
to acetate, was found in Flexistipitaceae, but not in the P. tenebris 
(Table 3; Boynton et al., 1996). The Pta-Ack pathway is critical for the 
anaerobic production of acetate and ATP production. This pathway has 
been identified in many bacteria, for which under anaerobic growth 
Pta catalyzes the conversion of acetyl-CoA to acetyl-phosphate that is 

TABLE 3 Proteins of interest for hydraulic fracturing industry identified in MAG annotation.

Thiosulfate reduction

Protein EC number Putative function MAG

Thiosulfate sulfurtransferase, Rhodanese Mpst 2.8.1.1 Thiosulfate to adenylyl sulfate P. tenebris

Rhodanese-like gene RdlA N/A Adenylyl sulfate to sulfite P. tenebris

Thiosulfate reductase PhsA/polysulfide reductase PsrA EC 1.8.5.5 Dissimilatory reduction of 

thiosulfate

Flexistipitaceae

Assimilatory sulfite reductase (ferredoxin) E.C. 1.8.7.1 Sulfate assimilation P. tenebris

Anaerobic sulfite reductases AsrA N/A Sulfite reduction P. tenebris

Anaerobic sulfite reductases AsrB N/A Sulfite reduction P. tenebris

Anaerobic sulfite reductases AsrC EC 1.8.1- Sulfite reduction P. tenebris

Mixed acid fermentation

Protein EC number Putative function MAG

Lactate dehydrogenase Ldh EC 1.1.1.27 Pyruvate to lactate P. tenebris

Lactic acid dehydrogenase (cytochrome) EC 1.1.2.3 Pyruvate metabolism P. tenebris

Lactate dehydrogenase complex protein LldF N/A Carbohydrate metabolism Flexistipitaceae

Phosphate acetyltransferase Pta EC 2.3.1.8 Acetyl-CoA to acetyl-phosphate Flexistipitaceae

Acetate Kinase Ack EC 2.7.2.1 Acetyl-phosphate to acetate P. tenebris, Flexistipitaceae

Propionate CoA-transferase EC 2.8.3.1 Acetyl-CoA to acetate P. tenebris

Alcohol dehydrogenase Adh EC 1.1.1.1 Pyruvate to ethanol P. tenebris

Pyruvate formate-lyase Pfl EC 2.3.1.54 Pyruvate to hydrogen and carbon 

dioxide

P. tenebris

Pyruvate formate-lyase activating enzyme Pfl-ae EC 1.97.1.4 Pfl complex P. tenebris, Flexistipitaceae

Methanogenesis

Protein EC number Putative function MAG

Methyl-coenzyme M reductase system component A2 

Mcr-Component A

N/A Methane Metabolism M. thermolithotrophicus

N5-methyl-tetrahydromethanopterin-coenzyme M 

methyltransferase Mtr

EC 2.1.1.86 Coenzyme M to Methyl-coenzyme 

M

M. thermolithotrophicus

Formylmethanofuran dehydrogenases Fwd EC 1.2.99.5 N-formylmethanofuran to CO2 M. thermolithotrophicus

Biofilm formation

Protein EC number Putative function MAG

RNA-binding protein SpoVG N/A Biofilm activator P. tenebris

Sporulation two-component response regulator Spo0A N/A Biofilm activator P. tenebris

Polysaccharide biosynthesis proteins PelA-G N/A Polysaccharide biosynthesis Flexistipitaceae

Glycosyltransferase, family 2 2.4.183 Cellulose synthesis M. thermolithotrophicus

Glycosyltransferase group 2 family protein gene Glt2 N/A Capsular-polysaccharide synthesis P. tenebris

GGDEF domain protein N/A Cellulose production P. tenebris, Flexistipitaceae

Diguanylate cyclase gene AdrA N/A Cellulose biosynthesis induction P. tenebris, Flexistipitaceae

Specific protein indicated in bold.
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then subsequently transformed to acetate by Ack coupled with the 
production of ATP (Kim et al., 2015). Given the existence of both these 
genes in the Flexistipitaceae MAG, it suggests potential acetate 
metabolism by the Pta-Ack pathway. Genes responsible for the 
conversation of pyruvate to hydrogen and carbon dioxide were also 
identified including Pyruvate formate-lyase (Pfl) and Pyruvate formate-
lyase activating enzyme (Pfl-ae) (Table 3). The identification of genes 
involved in mixed acid fermentation, including SCFA and alcohol 
conversions, sheds light on the putative metabolisms in the production 
fluid microbiome. The potential conversion of pyruvate into 
fermentation products (lactate, acetate, ethanol, hydrogen, and carbon 
dioxide) strongly suggests that the key players in this subsurface 
reservoir may play a role in the production of acid in the HFTS 2 
natural gas reservoir.

Methanogenesis

Methanogenesis functional genes were investigated in our 
Methanothermococcus thermolithotrophicus draft genome, including the 
methyl-coenzyme M reductase system (MCR components), essential 
in anaerobic microbial methane metabolism (Shima et al., 2012). This 
organism is classified as a moderately thermophilic, hydrogenotrophic 
methanogenic archaea known to reduce carbon dioxide to methane and 
has been previously detected in high temperature, saline reservoirs 
(Nikolova and Gutierrez, 2022). We identified methyl-coenzyme M 
reductase (MCR) Component A, a protein involved in the final step of 
methane production in methanogenesis (Bonacker et al., 1993; Kuhner 
et al., 1993). We also discovered several genes that encode for conserved 
enzymes in hydrogenotrophic methanogenesis. These include N5-
methyl-tetrahydromethanopterin-coenzyme M methyltransferase 
(MTR) that transfers the methyl group to coenzyme M, which is then 
subsequently reduced to methane as well as formylmethanofuran 
dehydrogenases, Fwd, which catalyzes the reaction of 
formylmethanofuran to carbon dioxide (Bertram et al., 1994; Upadhyay 
et al., 2016; Berghuis et al., 2019; Zhang et al., 2020). It is important to 
note that these proteins can also be found in methanogens capable of 
acetoclastic and methylotrophic methanogenesis. However, while 
Methanothermococcus thermolithotrophicus is a hydrogenotrophic 
methanogen, categorizing this MAG as hydrogenotrophic based solely 
on the presence of these three genes may not be conclusive. These 
findings do suggest, however, the potential of biogenic methane 
production in the evaluated production fluid.

Biofilm formation

The presence of biofilm formation genes was also examined in the 
MAGs. Biofilm formation in engineered subsurface systems has been 
associated with accelerated MIC in well systems and clogging of 
fractures, resulting in infrastructure damage and decreased gas 
recovery (Elshahed and Struchtemeyer, 2012; Vengosh et al., 2014). 
We identified SpoVG and Spo0A genes in our P. tenebris draft genome, 
which have been studied in B. subtilis and known to be involved in 
sporulation and biofilm activation (Stanley and Lazazzera, 2004). 
Specifically, SpoVG is located upstream of Spo0A and appears to 
participate in biofilm formation by regulating transcription of spo0A, 
a gene involved in surface attachment initiation for biofilm formation 
(Huang et  al., 2021). GGDEF domain protein, which includes 

Diguanylate cyclase (adrA), involved in the biosynthesis and 
production of cellulose, and glycosyltransferase group 2 family protein 
gene (glt2), involved in polysaccharide synthesis, has been associated 
with the production of exopolysaccharide (EPS) that provides 
structural support for biofilm formation and was found in both 
bacterial MAGs (Stanley and Lazazzera, 2004; Whiteley and Lee, 
2015). Polysaccharide biosynthesis proteins, PelA-G, were first 
identified in Pseudomonas aeruginosa, a pathogenic bacterium that 
serves as a model system for biofilm development (Ryder et al., 2007). 
This seven-gene operon is involved in the production of extracellular 
matrix, including polysaccharide biosynthesis and maintenance of the 
biofilm structure, and all seven genes were identified in the 
Flexistipitaceae genome annotation.

Discussion

This study examined the microbiome of both pre-shut-in frac 
fluid and production fluid samples obtained within the initial 35 days 
of production of Hydraulic Fracture Test Site 2 (HFTS 2) in the 
Wolfcamp Formation of the Delaware Basin. We aimed to analyze the 
microbial community during hydraulic fracturing production 
following a shut-in period of 3 weeks, compare it to pre-shut-in 
material, and evaluate the metabolic potential of the subsurface 
hydraulic fracturing microbiome. Furthermore, this study provides 
additional understanding of the microbial community dynamics and 
potential metabolic processes occurring in the subsurface throughout 
the early stages of production in one of the most prolific oil and gas 
regions in the United States. 16S rRNA analysis provided a taxonomic 
classification of production fluid during different days of production, 
followed by a metagenomic analysis of Day 33 production fluid that 
enabled insights into the metabolic potential of this engineered 
ecosystem with important implications for hydrocarbon recovery 
from the deep biosphere.

Clostridia species dominate Wolfcamp 
formation production fluid

16S rRNA analysis revealed that during the initial days of 
production of HFTS 2, there was a significant shift in community 
composition that did not reflect the microbial ecology of the fracture 
fluid or unreacted proppant. By Day 12, the microbial community had 
become highly enriched for a Clostridia species in the Bacillota 
phylum. This, coupled with a strong decrease in diversity, demonstrates 
a distinct selection for this species within the engineered system. 16S 
rRNA taxonomic classification most closely identified this species a 
member of the Caminicella clade within the thermophilic Clostridiales 
order, which dominated through the subsequent days of sampling.

Little is known about Caminicella except that it has been 
previously isolated from a Pacific Rise hydrothermal vent and is a 
thermophilic, heterotrophic anaerobe (Alain et al., 2002). Clostridial 
species are known to persist in hydrocarbon systems due to their 
ability to survive at high temperatures and salinity and have been 
implicated as potential reservoir souring culprits given the existence 
of sulfate reduction pathways identified in Clostridiales genomes 
isolated from hydrocarbon reservoirs (Youssef et al., 2009; Kobayashi 
et al., 2012; Silva et al., 2013; Hu et al., 2016; Vigneron et al., 2017; 
Kim et al., 2018). Members of Clostridiales are abundant in produced 
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waters collected from shale regions, including the Marcellus, Antrim, 
and Bakken Shale (Lipus et al., 2017; Tinker et al., 2020; Stemple 
et al., 2021). This group of bacteria are obligate anaerobic organisms 
that use fermentation pathways and sulfur metabolism and are spore 
forming; however, the role of this clostridial species in reservoir 
microbiology has not been well characterized (Christman 
et al., 2020).

Given the high abundance and population density of this enriched 
taxon and its previous implication in biocorrosion and well souring, 
we chose to further classify the functional potential of the Clostridia 
microorganism in this system using metagenomic analysis. 
We assembled a near-complete clostridial draft genome (89%) that 
most closely identified as a member of the recently classified 
Petromonas tenebris lineage. This novel clostridial group was recently 
identified by Christman et al. (2020), a study which found nearly 25% 
of the genes present in their P. tenebris bins represented the Caminicella 
genus (Tatar, 2018).

Functional potential of isolated MAGs from 
production fluid

Understanding the microbial processes and metabolic capabilities 
of microorganisms in oil and gas reservoirs can help predict 
detrimental biological processes, including MIC, souring, or biofilm-
mediated fouling. These processes are often a consequence of 
microbial metabolisms that result in acid, sulfide, and biofilm 
production that may affect the efficacy and efficiency of oil and gas 
recovery (Youssef et al., 2009; Gregory et al., 2011). Metagenomic 
profiling of our Day 33 production fluid allowed for the assembly of 
three draft genomes containing genes with putative functions for 
thiosulfate reduction, acid production, methane generation, and 
biofilm formation.

Metagenomic profiling of our recovered P. tenebris draft genome 
revealed metabolic pathways capable of contributing to microbial 
sulfide production in the subsurface. This includes the presence of 
genes involved in sulfite reduction, which can produce sulfide in 
oxygen-depleted environments. We  also observed the metabolic 
potential for thiosulfate reduction catalyzed by rhodanese enzymes 
encoded by thiosulfate sulfurtransferase genes. The presence of 
rhodanese and asr-encoding genes has been well established in 
Clostridia, and several studies have shown the potential to convert 
thiosulfate to sulfide (Vengosh et al., 2014; Upadhyay et al., 2016). 
RdlA and Mpst genes have been described in thiosulfate-reducing 
anaerobes, including Halanaerobium congolense, and are putatively 
responsible for thiosulfate-dependent sulfidogenesis involving the 
conversion of thiosulfate to adenylyl sulfate to sulfite (Ravot et al., 
2005). Thiosulfate reduction encoding genes have been described 
previously in Clostridia shale genomes including Halanaerobium 
MAGs identified in produced water recovered from the Marcellus and 
Utica Shales and laboratory culture-based approaches using 
Halanaerobium strains obtained from formation water samples 
collected from these regions (Daly et  al., 2016; Lipus et  al., 2017; 
Booker et  al., 2019; Cliffe et  al., 2020). Furthermore, MAGs of 
Petromonas tenebris linages recovered from produced fluids of a hot 
oil well were found to possess sulfur metabolism genes, including 
anaerobic sulfite reductase (ASR) and sulfite reductase (ferredoxin), 
which were both identified in our P. tenebris MAG and are typically 
part of the assimilatory sulfate reduction pathway (Tatar, 2018). These 

results provide genetic evidence of thiosulfate reduction by P. tenebris 
and indicate the potential for this abundant species to contribute to 
microbial sulfide production in this shale reservoir.

High-temperature, high-pressure simulation experiments 
performed by Gulliver et al. (2021) using fracture fluid, shale, and 
proppant from HFTS 2 found that the shut-in process increased 
sulfate concentrations. In this experiment, the sulfate levels in the 
initial fracturing fluid (approximately 1,605 mg/L) nearly doubled 
after 7 days of the shut-in simulation, averaging approximately 
3,272 mg/L in the duplicate reactors. Mineralogy and fluid chemistry 
analysis data suggest that elevated sulfate concentrations were likely a 
result of initial dissolution of sulfate after introduction of the fracture 
fluid to the reservoir shale matrix followed by precipitation (Gulliver 
et al., 2021). These findings suggest that dissolution reactions that 
occur during shut-in could result in increased sulfate concentration 
during this early stage of production. Elevated levels of sulfate in the 
reservoir during this initial phase could help explain the immediate 
shift that was observed using the 16S rRNA analysis at the beginning 
of production with the presence of sulfate reducing bacteria 
Desulfovibrio, representing 12% of the community on Day 1. As 
production continued, we  observed the strong selection for the 
Caminicella sp. for which the subsequent metagenomic analysis 
revealed the P. tenebris MAG associated with thiosulfate reduction in 
our Day 33 production fluid. The ability of the Caminicella sp. to 
outperform Desulfovibrio and other low abundant taxa present in the 
initial days of production is evidenced by its near-complete dominance 
of the microbial community by Day 12. This abundance suggests a 
greater adaptability of Caminicella sp. to the changing environmental 
conditions present throughout production, including variable sulfate 
levels as well as high temperature and pressure.

Biofilm formation is used as a tool for microbial life to survive in 
harsh environments such as shale ecosystems; however, the existence 
of biofilms in natural gas formations can lead to bioclogging and 
biofouling and decrease the efficacy of biocides (Bottero et al., 2010; 
Struchtemeyer et al., 2012; Cluff et al., 2014). Biofilm-forming ability 
has been associated with several Clostridia species, and previous 
studies investigating unconventional reservoirs have identified 
Clostridia genes encoding proteins involved in biofilm processes. 
Functional studies by Lipus et al. (2017) and Booker et al. (2019) both 
investigated the genus Halanaerobium, a member of the Clostridia 
class. Lipus et al. (2017) reconstructed and annotated a draft genome 
from produced water sampled from the Marcellus Shale and identified 
genes encoding for sporulation processes, surface attachment proteins, 
and exopolysaccharide (EPS) production, all important processes in 
biofilm formation. Laboratory studies by Booker et  al. (2019) 
incubated Clostridia isolates from a natural gas well in the Utica Point 
Pleasant formation at representative subsurface pressures and 
observed cell clumping among Clostridial biomass and increased 
abundance of proteins involved in the synthesis of EPS. The 
identification of genes involved in biofilm activation, surface 
attachment, and EPS biosynthesis found in our P. tenebris draft 
genome reveals the functional capacity of Petromonas sp. to form 
biofilms in hydrocarbon environments. These findings align with 
previous studies on Clostridial functions in shale ecosystems and offer 
evidence of biofilm-forming abilities within this genus, which have 
not been previously characterized (Ðapa et al., 2012; Charlebois et al., 
2017; Lipus et al., 2017).

Biological methane production is also an important process in 
shale gas reservoirs. Several studies have investigated the prevalence 
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and classification of methanogens in shale gas reservoirs, including 
the well-characterized Marcellus Shale and the Barnett and Antrim 
Shales, to better understand biogenic methane production and 
methanogenic activity in subsurface shale environments (Tucker 
et al., 2015; Lipus et al., 2016; Borton et al., 2018). Microbial gas 
formation in the subsurface is responsible for biogenic gas shales, 
and association of methanogenic archaea with fermentative 
organisms has been shown to enhance MIC (Wuchter et al., 2013; 
Liang et al., 2014). MAGs recovered from produced fluid collected 
from the Permian Basin identified a near-complete 
Methanothermococcus thermolithotrophicus draft genome. Although 
the genus Methanohalophilus has been shown to be a very prevalent 
methanogen in several studies investigating methanogenic archaea 
in hydraulically fractured shales gas reservoir, Methanothermococcus 
MAGs have also been recovered from microbial community studies 
of the Midland Basin and found to be  a dominant microbial 
community member in oil production wells sampled in north-
central Louisiana (Shelton et al., 2016; Borton et al., 2018; Tinker 
et al., 2022). Methanothermococcus species can grow using a wide 
variety of sulfur sources, including sulfide, elemental sulfur, 
thiosulfate, sulfite, sulfate, and nitrogen sources, including 
ammonium, nitrate, and N2 gas. This species of archaea has also been 
identified in high-temperature, saline, anaerobic environments, 
including marine oil reservoir waters and sediments (Whitman, 
2015). The production of sulfide and fermentation products by our 
bacterial MAG could serve as potential substrates for 
M. thermolithotrophicus growth in the subsurface. Draft genome 
analysis of this species also revealed the presence of genes involved 
in methane metabolism including a component of MCR, a central 
enzyme in methanogenesis (Chen et  al., 2020). 
M. thermolithotrophicus is a hydrogenotrophic methanogen. 
Therefore, the identification of these genes is unsurprising; however, 
it does illuminate aspects of the energy metabolism of this 
methanogenic archaea, conveying the putative function of this 
species to reduce one carbon substrate to methane via Mtr protein 
complex (Upadhyay et al., 2016). Together, these findings elucidate 
the potential anaerobic microbial community structure in the 
production fluid of the Delaware Basin and the potential implications 
for the oil and gas industry in this region.

Study implications and conclusion

Hydraulic fracturing is the most common practice for extraction 
of natural gas from shale formations. The United States Geological 
Survey (USGS) estimated that the Wolfcamp and overlying Bone 
Spring formations are likely the largest oil and gas resources ever to 
be assessed in the United States with the Delaware-Wolfcamp play 
housing over 220 trillion cubic feet of natural gas (U.S. Energy 
Information Administration, 2022). Microbial activity within these 
shale operations can have major consequences on energy recovery in 
this highly exploited region; therefore, greater understanding of the 
potential metabolic process that will occur in these reservoirs and 
production fluids is necessary to limit the occurrence of microbial-
influenced corrosion, biofouling, and well souring issues.

In this study, we  assessed the microbiological changes that 
occurred over the first 35 days of production from fluid samples 
collected from a horizontally drilled hydraulic fracturing well in the 
Wolfcamp formation. We found a highly enriched Clostridia species 

that appeared to outcompete all other subsurface species present in 
the reservoir within the first few days of production. This finding 
aligns with previously established observations of low diversity, 
microbial populations that persists within the same shale play (Lipus 
et al., 2017, 2018; Tinker et al., 2020).

This study also evaluated the metabolic potential of the Day 33 
production fluid sample recovering three near-complete MAGs 
including a Clostridia draft genome that was most closely related to 
the newly classified Petromonas tenebris and is the most likely 
representative of the predominant Clostridia species observed in our 
16S rRNA profile. Two of our three annotated draft genomes, 
including the P. tenebris and Flexistipitaceae MAGs, revealed the 
genetic potential for thiosulfate reduction, fermentation pathways, 
and biofilm formation. These discoveries suggest that these species 
could contribute to sulfide production within the reservoir and 
production fluid and may play a role in biofilm formation. Our third 
MAG was classified as a thermophilic methanogen with genetic 
evidence of methane production and the potential to use byproducts 
of fermentation as substrates for growth.

In conclusion, this study sheds light on the production fluid 
microbiome of one of the most prolific shale plays in the United States, 
showing the enrichment of a thermophilic, fermentative anaerobe with 
the potential for sulfide production and biofilm formation with 
important implications for hydraulic fracturing operations, energy 
recovery, and environmental impact of produced water. This study 
contributes to the growing research area investigating the metabolic 
potential of microorganisms in hydrocarbon resource recovery 
operations from unconventional natural gas reservoirs and expands the 
knowledge of microbial ecology in the Delaware Basin production fluid.
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