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Abstract

The potential for modern coalfield methanogenesis was assessed using
formation water from the Illinois Basin, Powder River Basin and Cook Inlet gas
field as inocula for nutrient-replete incubations amended with C;-Cs fatty acids
as presumed intermediates formed during anaerobic coal biodegradation.
Instead of the expected rapid mineralization of these substrates,
methanogenesis was inordinately slow (~1 umol day™), following long lag
periods (>100 days), and methane yields typically did not reach

stoichiometrically expected levels. However, a gene microarray confirmed the
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potential for a wide variety of microbiological functions, including
methanogenesis, at all sites. The Cook Inlet incubations produced methane at a
relatively rapid rate when amended with butyrate (r = 0.98; p = 0.001) or
valerate (r = 0.84; p = 0.04), a result that significantly correlated with the
number of positive mcr gene sequence probes from the functional gene
microarray and was consistent with the in situ detection of C,-Cs alkanoic acids.
This finding highlighted the role of syntrophy for the biodegradation of the softer
lignite and subbituminous coal in this formation, but methanogenesis from the
harder subbituminous and bituminous coals in the other fields was less
apparent. We conclude that coal methanogenesis is probably not limited by the
inherent lack of metabolic potential, the presence of alternate electron
acceptors or the lack of available nutrients, but more likely restricted by the

inherent recalcitrance of the coal itself.

coalbed methane, coal basin, metabolite analysis, alkanoic
acids, microbial communities, functional gene array
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Coal has been considered an unconventional natural gas reservoir
where thermogenic or biogenic methane is stored predominantly in
an adsorbed state (Suarez-ruiz 2012). Consistent reports in the
literature suggest that a small fraction of methane from coalbeds is
of modern origin (Thielemann 2004; Jones, Voytek and

Warwick 2008; Klein et al.2008; Jones et al.2010; Meslé, Dromart
and Oger 2013). Biogenic coalbed methane is believed to contribute
about 3%-4% of the total natural gas production in the United States
(Strgpoc et al. 2011b). Considering the vast worldwide reserves of
coal (Strgpoc et al. 2011b; Moore 2012), the ever-expanding need
for energy across the globe and the environmental benefits that
attend methane utilization as an energy source, there is
considerable interest in stimulating the modern bioconversion of
coal to methane (Green, Flanegan and Gilcrease 2008;

Harris et al.2008; Penner, Foght and Budwill 2010;

Wawrik et al.2011; Unal et al.2012, Ulrich and Bower 2008;

Fallgren et al.2013; Liu et al.2013; Stephen et al.2014).

Coal is an extremely heterogeneous organic material that is
challenging to fully chemically characterize (Strgpoc et al. 2011b;
Moore 2012). Given its inherent chemical complexity, coal is not an
ideal substrate for methanogenic fermentation processes. However,
it can reasonably be assumed that, like other forms of organic
matter, the anaerobic mineralization of coal will require a
nutritionally diverse assemblage of anaerobic bacteria that attack
large molecular weight labile components and convert them to
simpler chemical residues. The latter components ultimately get
converted to a suite of volatile fatty acid (VFA) and alcohol
intermediates (Leschine 1995; Faiz and Hendry 2006; Green,
Flanegan and Gilcrease 2008; Strgpo¢ et al.2008; Fry et al.2009;
Beckmann et al.2011; Wawrik et al.2011; Meslé, Dromart and

Oger 2013; Orem et al.2014). The anaerobic bioconversion of these



critical intermediates has been the subject of many investigations.
What seems clear is that the ultimate conversion of the small
molecular weight intermediates to methane is often a rate-limiting
process that requires a thermodynamically based microbial
syntrophism. That is, substrate bioconversion by one microorganism
occurs only when the resulting products, typically hydrogen, formate
or acetate, are maintained at very low concentrations by a
cooperating microbial partner. In electron-acceptor limited
environments, these simple electron donors are maintained at the
requisite low levels by acetoclastic, methylotrophic and
hydrogenotrophic methanogens (Thauer, Jungermann and

Decker 1977; Berry, Francis and Bollag 1987; Widdel and

Rabus, 2001; Mclnerney et al.2008; Meslé, Dromart and Oger 2013).
Additionally, Methermicoccus shengliensis has been shown to
directly utilize methoxylated aromatic compounds to produce
methane from coal (Mayumi et al.2016).

A considerable amount of research has been dedicated to identifying
the requisite microorganisms associated with the bioconversion of
coal to methane, and convincingly, a large body of work has been
assembled identifying the presence of known fermenting and
syntrophic bacteria as well as methanogenic archaea in coalfields
worldwide (Thielemann 2004; Green, Flanegan and Gilcrease 2008;
Harris, Smith and Barker 2008; Stragpo¢ et al.2008, 2011a;

Fry et al.2009; Kimura et al.2010; Midgley et al.2010; Papendick,
Downs and Vo 2011; Wawrik et al.2011; Meslé, Dromart and

Oger 2013; Wei et al.2014). Based on these studies, it would seem
that biogenic coalbed methane production is not likely to be
hindered by a fundamental lack of metabolic potential

(Wawrik et al.2011). Of course, in addition to the presence of the
requisite microorganisms, the environment should be suitable for
microbial activity and growth. For efficient methanogenesis, this



implies the lack of alternate electron acceptors, an appropriate and
available supply of nutrients (C, N, P, S and trace elements), as well
as pH and temperature conditions that are nominally compatible
with the requirements of the indigenous microflora. Similarly, we
presume that the major microbial activities in coalfields would be co-
associated with the ready availability of moisture.

The maturity of coal can also substantially impact the production of
methane. Previous studies have reported that lower-rank coal
typically produced more biogenic methane than mature coals
(Kotarba, 2001; Formolo, Martini and Petsch 2008; Harris, Smith and
Barker 2008; Strgpoc€ et al. 2011b). Glombitza et al. (2009) and
Vieth et al. (2008) reported that low-ranking coals had higher
concentrations of extractable formate and acetate, thus potentially
providing a carbon source for deep subsurface microbial
communities. In contrast, Fallgren et al. (2013) reported a positive
correlation between increasing coal rank and methane production.
Other studies have indicated that coal maturity and methanogenesis
are not highly correlated (Faiz and Hendry 2006; Formolo, Martini
and Petsch 2008; Jones, Voytek and Warwick 2008;

Wawrik et al.2011), suggesting that rank alone is not a reliable
indicator of the susceptibility of coal to methanogenesis.

For our study, we reasoned that if in situ coalbed methane was an
active and ongoing process, the indigenous microflora from three
different coalfields should be able to readily utilize low molecular
weight fatty acids given their presumed importance in anaerobic
coal biodegradation. In a previous study from the San Juan Basin,
the microbial communities associated with 11 water samples
produced little to no methane when inoculated in nutrient-replete,
anaerobic incubations amended with either formate, acetate or
propionate (Wawrik et al.2011). To further investigate the ability of
coalbed microbial communities to generate methane from potential



fatty acid intermediates, we obtained formation water samples from
multiple locations in the lllinois and Powder River coal basins as well
as the Cook Inlet Alaska gas field (Fig. 1). The formation water
samples were used as inocula for nutrient-sufficient anaerobic
incubations that were amended with formate or acetate to assay for
the methanogenic archaea. Similarly, methanogenesis was assessed
in other incubations that were amended with the individual VFAs,
propionate, butyrate or valerate to assay for the requisite syntrophic
bacteria. The genetic potential for organic matter utilization was
also evaluated at each site using a functional gene microarray
(GeoChip 3.2 or 4.0). Lastly, the low molecular weight polar organic
compounds in the formation waters, presumed metabolites
associated with coal biodegradation processes, were also analyzed
by mass spectrometry. Our findings suggest that the bioconversion
of coal is not limited by the inherent lack of metabolic potential but

more likely restricted by the recalcitrant nature of the coal itself.
Figure 1.

A map showing the major coal formations of the United States and the corresponding coal
rank for each field (adapted from NETL, 2014). Seventeen water samples were collected
from the Illinois Basin, Powder River Basin and the Cook Inlet gas field. Additionally, 11 sites
from the San Juan Basin were investigated in a similar manner and previously published by
Wawrik et al. (2011).

MATERIALS AND METHODS

Sample collection and site description

A total of 17 water samples were obtained from multiple sites within
three coalfields in the United States: the lllinois Basin, Cook Inlet gas
field and Powder River Basin. Formation water was collected in 160
ml degassed (N,), sterile serum bottles that contained 0.1 ml
resazurin (1 g L*) and 1 ml of sodium sulfide (0.5 mM) and shipped
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overnight on ice to the University of Oklahoma. The preparation of
the serum bottles was done at the University of Oklahoma and our
collaborating industrial partners (ConocoPhillips Corporation,
Houston, TX) collected the water samples in the field.

Coal maturity in the three coalfields differ markedly (Fig. 1;
Calderwood and Fackler 1972; Pratt, Mavor and DeBruyn 1999;
Walters 2002; Strgpo¢ et al.2007, 2011b; Hartz et al.2009;

AOGCC 2011). The lllinois Basin encompasses the state of lllinois
and parts of Indiana and Kentucky. The basin consists of high volatile
bituminous coals (Strgpo¢ et al.2007). Five samples were collected
and designated 1-5. The Cook Inlet gas field is located along the
western shoreline of Alaska (AOGCC 2011) and contains thin
intercalated beds of claystone, sandstone, siltstone and lignitic to
subbituminous coal (Calderwood and Fackler 1972). Six water
samples were collected and designated 6-11. The Powder River
Basin is located in Montana and northeast Wyoming and consists of
subbituminous coals (Walters 2002). Six water samples were
collected and designated 12-17.

Anaerobic incubations

A basal medium was prepared as previously described in Mclnerney,
Bryant and Pfennig (1979), except rumen fluid and sulfate were
omitted. Final concentrations of mineral components per liter were
as follows: 57.4 mM K;HPQO,, 32.5 mM MqgCl,*6H,0, 136.9 mM NacCl,
149.6 mM NH,CI and 9.01 mM CaCl,+2H,0. The medium was also
amended with a trace metal and vitamin solution described in
Tanner (2002), a 0.001% solution of resazurin used as a redox
indicator and 4.17 mM sodium bicarbonate (NaHCOs). The medium
(per liter) was reduced using 10 ml of a 2.5% cysteine sulfide
solution. Strict anaerobic conditions were maintained as described
by Widdel and Bak (1992). Nine-milliliter aliquots of the basal
medium were dispensed into sterile 25 ml serum tubes in an



anaerobic chamber (5% H, in N,gas phase). The serum tubes were
closed with butyl rubber stoppers, crimped with aluminum seals and
the headspace was exchanged to a N,:CO, (80:20) atmosphere.

The basal medium was inoculated with 1 ml of a water sample from
each of the 17 coalfield locations. Duplicate incubations were then
amended with 5 mM of a specific low molecular weight VFA that
included either formate, acetate, butyrate, propionate or valerate.
Using the empirical equation derived by Buswell and Mueller (1952),
theoretical yields of methane were predicted based on the initial
concentration of VFA. The theoretical yields for formate, acetate,
propionate, butyrate and valerate were 25, 50, 87.5, 125 and 162.5
KMol methane, respectively. Negative controls included sterile, VFA-
unamended and uninoculated incubations. Incubations were
monitored for methane production with time and values are
corrected for the background level in the VFA-unamended controls.
Rates of methanogenesis were calculated during periods of active
methanogenesis and exclude the lag times for the incubations (Table
S1, Supporting Information).

Analytical techniques

Methane production was measured using a gas chromatograph
(Packard model 427, Downers Grove, IL, USA), equipped with a
flame ionization detector and a Porapack Q column (Supleco, Inc.,
Bellefonte, Penn). The oven, detector and injector temperatures
were set to 100°C, 100°C and 125°C, respectively. The
concentration of chloride, nitrate and sulfate were measured using
ion chromatography (Dionex model DX500, Sunnyvale, CA, USA)
equipped with an lonPac AS4A column, ASRS 300 4 mm self-
regenerating suppressor and a conductivity detector. The eluent
consisted of 1.7 mM sodium bicarbonate and 1.8 mM sodium
carbonate and was diluted 1:100 from a ready to use concentrate.
The flow rate was 2.0 ml min—+ and the suppressor was set to 54 mA.



GeoChip functional gene array hybridization

The DNA extraction protocols were previously described

(He et al.2010; Lu et al.2011). Approximately 100 ng of DNA was
amplified using a Templiphi kit (GE Healthcare, Piscataway, NJ, USA),
and labeled with Cy3 fluorescent dye (GE Healthcare) by random
priming (Wu et al.2006). The DNA was then purified with a QIAquick
purification column (Qiagen, Valencia, CA) and dried in a SpeedVac
(ThermoSavant, Milford, MA, USA) at 45°C for 45 min before
hybridization. GeoChip analysis was performed using either version
3.2 or 4.0. All hybridizations were carried out at 42°C with 40%
formamide for 16 h on a MAUI hybridization station (BioMicro, Salt
Lake City, UT, USA). After hybridization, the arrays were scanned
(NimbleGen MS200, Madison, WI, USA) at 100% laser power. The
signal intensities were measured based on scanned images, and
spots with signal-to-noise ratios lower than 2 for GeoChip 4.0 and
1.5 for GeoChip 3.2 were removed before statistical analysis as
described previously (He et al.2010; Lu et al.2011).

GeoChip analysis

Approximately 800 unique functional genes were measured within
each sample from the three coalfield basins. These genes were
placed into ‘gene categories’ covering several fundamental
microbial processes (He et al.2010). Three changes were made to
the organizational structure for GeoChip 3.2 and 4.0: the methyl
coenzyme M reductase (mcrAB) genes were recategorized as
methane production genes and the dissimilatory sulfite reductase
(dsrAB) and adenosine-5-phosphosulfate (apsAB) genes were
recategorized as sulfate reduction genes, respectively. In order to
reduce the complexity of the functional gene analysis, the nine most
relevant categories are discussed within this paper. All data analyses
were done using R (The R Foundation for statistical computing) and
to facilitate reproducibility, the code and GeoChip raw data files are



available at https://github.com/LiveOak/LylesCoalbedMethane2. For
a complete description of the functional gene categories for GeoChip
3.2, see He et al.(2010) and for version 4.0 go to the Institute for
Environmental Genomics (http://ieg.ou.edu/entrance.html).

Venn diagrams were used to display the genetic overlap of positive
functional gene probes between the three coalfields. That is, if the
probes were positive in any site within the coalfields, it was
displayed as a shared functional gene. To further analyze the
overlap, see Table S3 in the supplementary information. This table
lists all the shared functional genes for the nine categories between
the coalfields and how many sites per basin yielded a positive
probe.

Correlation coefficients (r) were also used to indicate the strength
and direction of the linear relationship between the total amount of
methane produced from the various anaerobic incubations and the
richness and abundance of mcr genes detected by the GeoChip.
Strong correlation coefficients (r >0.79) suggest a significant
relationship (t-test, one-tail: p < 0.05) for the regression line
between the two variables and indicate that the respective fatty
acid amendment is likely a common metabolite throughout the
assessed sample sites. Weak correlation coefficients (r < 0.79) are
typically not significant (t-test, one-tail: p > 0.05) indicating that the
two variables are independent and the fatty acid amendment is
likely not a common metabolite throughout all the assessed sample
sites. Additional statistical analysis of the GeoChip data is described
in the supplemental information (Fig. S2, Supporting Information).
Metabolite profiling

Water samples from each of the coalfield sites were acidified with
50% HCI to a pH <2 and kept at 4°C until analyzed. One liter of
acidified sample was extracted with ethyl acetate (10% vol/vol, four
times) and dried over anhydrous Na,S0O,. Extracted samples were
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concentrated by rotary evaporation and reduced further to
approximately 100 ul under a flow of nitrogen gas

(Duncan et al.2009). The extract was derivatized using N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) (Pierce Chemical Co.,
Rockford, IL). Putative metabolites were identified using gas
chromatography (Agilent model 6890, Santa Clara, CA) coupled with
a mass spectrometer (Agilent model 5973, Santa Clara). Separations
were performed using a HP-5 ms capillary column (30 m x 0.25 mm
inner diameter x 0.25 um film, J&W Scientific, Folsom, CA) with an
initial oven temperature of 45°C for 5 min that was increased at 4°C
min- to 270°C and held for 10 min (Aktas et al.2010). All metabolite
identifications were made by comparison of features with authentic
standards.

RESULTS

Water chemistry and metabolite analysis

Seventeen samples from the lllinois Basin, Cook Inlet gas field and
Powder River Basin were analyzed for chloride, sulfate and nitrate
anions (Table 1). The waters from the three coalfields were found to
contain <0.5 mM of sulfate and nitrate, suggesting that alternate
electron acceptors were unlikely to impact the endogenous rates of
methanogenesis within the coalfields. The mean chloride
concentrations for the lllinois Basin, Cook Inlet gas field and the
Powder River Basin were 41.0 £ 39.2, 8.90 £ 13.4 and 0.843 =
0.293 mM, respectively. Thus, the low chloride levels are also
unlikely to be a substantive detriment to coalfield methanogenesis
(Waldron et al.2007).

Table 1.
Chloride, nitrate and sulfate concentrations from 17 sample sites
throughout three coalfield basins.



Sample
Sites

lllinois Basin
1
2
3
4

5

Chloride
(mM)

93.3

58.7

48.7

2.92

1.20

Cook Inlet gas field

6

7

8

9

10

11

3.23

4.23

9.42

35.4

0.58

0.59

Powder River Basin

12

14

13

15

0.56

0.80

1.10

1.21

Nitrate
(mM)

BDL

0.058

0.050

BDL

BDL

BDL

0.018

BDL

BDL

BDL

BDL

0.141

BDL

BDL

BDL

Sulfate
(mM)

0.038

0.075

0.143

0.090

0.625

0.066

0.072

0.037

0.063

0.035

0.034

0.111

0.167

0.062

0.059



Sample Chloride Nitrate Sulfate

Sites (mM) (mM) (mM)
16 0.93 0.196 0.088
17 0.47 0.152 0.061

BDL = below detectable limit.

Mass spectral analysis of water samples from the three coalfields
was used to detect the presence of 19 alkanoic acids throughout the
17 sample sites (Fig. 2). The detection of C;-Cs alkanoic acids was
particularly notable since we used the same compounds as
substrates in the anaerobic biodegradation assays (below). Only one
sample out of five in the lllinois Basin contained acetic, propionic
and butanoic acids. Five out of six sites in the Cook Inlet gas field
were positive for butanoic and pentanoic acids. Additionally, two
sites contained acetic and propionic acid. Only one site within the
Powder River Basin was positive for pentanoic acid. Longer chain
fatty acids (octanoic through octadecanoic acids) were identified
throughout the samples from the three coalfields, though to a lesser

extent within the Cook Inlet gas field.
Figure 2.

Alkanoic acids identified within the 17 sample sites from the lllinois Basin (Green), Cook Inlet

gas field (Red) and Powder River Basin (Blue).

Mass spectral analysis was also used to screen for an additional 71
polar organic compounds that could be putative intermediates
associated coal biotransformation (Fig. S1, Supporting Information).
The anaerobic metabolites for alkylbenzene degradation
(benzylsuccinic acid through propylbenzylsuccinic acid) and
polycyclic aromatic compounds (naphthylsuccinic through
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phenanthrene carboxylic acid) were only identified in a few samples
throughout the Cook Inlet gas field. However, monoaromatic
compounds (benzoate through 3-propyl phenol) were intermittently
identified throughout the samples in the three coalfields.
Additionally, alkylsuccinic acids (C; through C;5) were only identified
in the Cook Inlet gas field samples. Overall, the Cook Inlet gas field
had about twice the number of polar organic compounds than either
the lllinois or Powder River Basins.

Anaerobic biodegradation assays

When laboratory incubations of coalfield water samples were
amended with C;-CsVFA compounds, slow rates of methanogenesis
and long lag times were detected, and the stoichiometric expected
amount of methane was not typically produced (Fig. 3). Prokaryotic
biomass levels were estimated for each of the 17 samples (Table S2,
Supporting Information). Cell numbers estimated based on the
amount of DNA recovery ranged from ~10¢° to 107 cells

ml— (Kubitschek and Freedman 1971; Button and Robertson 2001).
There was no correlation between the estimated cell biomass levels
and metabolic activity (Fig. 3; Table S2). The lllinois Basin (Fig. 3A)
had two samples (1 and 2) out of five, where the inocula
metabolized at least one of the C,-CsVFAs to the theoretically
expected amount of methane. Organisms within sample 1
incubations metabolized formate, acetate, butyrate and valerate to
methane at a rate of 0.42 = 0.10, 1.2 £ 0.8, 2.3 = 0.88 and 0.48 +
0.08 umol CH4 day, respectively, following a 54- to 200-day lag
period depending on the particular substrate. The microflora in
sample 2 incubations amended with formate and acetate produced
methane at a rate of 0.36 = 0.04 and 0.52 £ 0.11 umol

CH, day* after a 50 and 25 day lag, respectively. Samples 3, 4 and 5
had negligible methanogenesis activity, with some lag times well in
excess of 1 year. The Cook Inlet gas field (Fig. 3B) contained three



samples (6, 7 and 8) out of six where the inoculum produced the
theoretically expected amount of methane from the VFA
amendments. The microbes in sample 6 incubations metabolized
formate, acetate, propionate, butyrate and valerate to methane at a
rate of 0.37 £ 0.08, 0.67 £ 0.06, 0.60 £ 0.003, 0.80 £ 0.10, 1.1 £
0.14 umol CH, day, respectively. The lag time for these VFAs ranged
from 35 to 150 days depending on the substrate. Sample 7
incubations metabolized formate, acetate and butyrate to methane
at a rate of 0.03 = 0.2, 0.34 £ 0.27 and 0.69 £ 0.02 CH, day~,
respectively, after a 36- to 152-day lag period. Sample 8 incubations
metabolized acetate and butyrate at a rate of 0.23 = 0.3 and 0.98 +
0.06 umol CH4 day™, respectively. The microflora in samples 9-11 did
produce some methane from various VFA substrates, but none
reached the theoretically expected amount after ~400 day
incubation period. Only one sample (13) out of six from the Powder
River Basin (Fig. 3C) produced the theoretically expected amount of
methane from the VFA amendments. These incubations metabolized
propionate at a rate of 0.73 = 0.2 umol CH, day* with a lag time of
149 days. Samples 12, 14-17 produced negligible methane after

450 days.
Figure 3.

Rates of methanogenesis, lag time and the percentage of theoretical methane produced in
incubations of the (A) lllinois Basin, (B) Cook Inlet gas field and (C) Powder River Basin. The

error bars represent the difference between duplicate incubations.

Functional gene analysis

A functional gene microarray (GeoChip 3.2 or 4.0) was used to
assess the genetic potential in 14 of the 17 samples from the three
coalfields. Samples 7, 16 and 17 were not included in this assay
because the amount of DNA extracted was too low to amplify. We
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presume that an inhibitor interfered with either the extraction or
amplification procedures (He, Van Nostrand and Zhou 2012). Venn
diagrams were used to display the functional gene overlap between
the three coalfields. Even though the two versions of the GeoChip
differed in the number of functional gene probes, there were several
shared genes amongst the nine categories (Fig. 4). Of particular
interest are the two shared mcrA probes under the methane
production category. These probes were originally derived

from Methanocorpusculum labreanum type strain Z

(Zhao et al.1989) and an uncultured Methanomicrobiales archaeon
(Banning et al.2005); both methanogens are hydrogenotrophic and
were present in the majority of sites assessed with the functional
gene microarray (Table S3, Supporting Information). The detection of
these probes suggests that the majority of sites from all three
coalfields should readily be able to utilize formate as a
methanogenic substrate. However, only about ~50% of these sites
produced methane from formate amendments (Fig. 3). Additional
analysis of the functional gene microarray data indicated that the
variability of the nine gene categories across the 14 samples was
not significantly different (Bartlett test of homogeneity of

variances: K> = 4.6, p = 0.80) and no significant difference was
observed between the mean percentages for each of the nine gene
categories (F(8, 117) = 0.4, p = 0.9). This result suggests that the
variability and mean percentage of the functional gene categories
are relatively the same throughout the three coalfields. This null
finding is visually demonstrated in Fig. S2. Overall, the results
suggest that there is no lack of functional genes associated with the

coalbed microbial communities (Fig. 4 and Fig. S2).
Figure 4.
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Venn diagrams showing the genetic overlap of functional genes associated with nine gene
categories from three coalfields using the GeoChip functional gene microarray (3.2 and 4.0).
The numeric value indicates the number of shared genes between the coalfields. A list of the
shared genes between all three coalfields can be found in the supplemental information
(Table S3).

Relationships between putative metabolites, produced methane and the
methyl coenzyme M reductase (mcr) functional gene

Generally, the in situ presence of C;-Cs alkanoic acids (Fig. 2) in the
coalfield samples was not associated with the ability of a particular
inoculum to metabolize the same compounds in vitro (Fig. 3).
However, exceptions were noted at the Cook Inlet site, in which
butanoic and pentanoic acids were identified in the production
waters from samples 6 and 8-10. Correlations between mcr richness
or abundance and the total amount of methane produced from
anaerobic incubations amended with the methanogenic substrates
(i.e. formate, acetate) or the syntrophic substrate (i.e. propionate,
butyrate, valerate) were generally quite low in most coalfield
samples (r = 0.65; Figs 5 and 6). To investigate how the richness

of mcr genes (a-diversity indices available in Table S4, Supporting
Information) impacts methanogenesis within the coalfields, the
number of positive mcr probes associated with the GeoChip analysis
was totaled and compared to the total amount of methane
measured within the various VFA amendments. The relationship
between functional gene diversity and the structure of a microbial
community has been previously demonstrated or discussed

(He et al.2012; Kang et al.2013; Stormer, Wichels and Gerdts 2013).
The strongest correlations were observed for Cook Inlet gas field
samples that were amended with acetate (r = 0.92; p = 0.01),
butyrate (r = 0.98; p = 0.001) and valerate (r = 0.81; p = 0.04;

Fig. 5). Thus, as the number of positive mcrprobes increased
throughout the Cook Inlet gas field sites, more methane was



produced from these fatty acid substrates. This suggests that
acetate, butyrate and valerate could be important intermediates of
biogenic coalbed methane production within the Cook Inlet gas field.
Neither the lllinois nor Powder River Basins showed a significant
relationship between the total amounts of methane produced in
various incubations with increasing positive mcr probes for the

particular sites assessed in this study.
Figure 5.

A scatterplot correlating the total amount of methane (umol) to the number of

positive mcr probes as measured by the GeoChip. Strong correlations (where r =0.79; p <
0.05) indicate a significant relationship between the richness of methanogens and the total
amount of methane produced. A weak correlation (where r = 0.78; p > 0.05) suggests that
there is no relationship between the two variables. The boxes associated with the lllinois
Basin data represent the range of error between three technical replicates of the GeoChip
and the methane produced in duplicate incubations. The vertical bars for the Cook Inlet gas
field and the Powder River Basin represent the error between the methane produced in

duplicate incubations.

Figure 6.

A scatterplot correlating the total amount of methane (umol) to the signal intensities

of mcr probes as measured by the GeoChip. Strong correlations (where r =0.79; p < 0.05)
indicate a significant relationship between methane production and the abundance

of mcr genes. A weak correlation (where r = 0.78; p > 0.05) suggests that there is no
relationship between the two variables. The boxes associated with the Illinois Basin data
represent the range of error between three technical replicates of the GeoChip and the
methane produced in duplicate incubations. The vertical bars for the Cook Inlet gas field and
the Powder River Basin represent the error between methane produced in duplicate

incubations.

However, it is not obvious why gene richness per se would correlate
with microbial activity. That point notwithstanding, we also
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investigated whether the abundance of mcr genes, measured as
signal intensity during the GeoChip analysis, correlated with
methanogenesis. Previous work demonstrated a quantitative
relationship between signal intensity and the concentration of DNA
on the functional gene microarray (Wu et al.2006).

Additionally, mcrA gene copy number has been found to correlate
with methanogen abundance (Nunoura et al.2008) and methane
production (Traversi et al.2012) though more recently mcrA
transcription was also highly correlated with metabolic activity
(Wilkins et al.2015). Thus, mcr gene signal intensities were totaled
as a crude measure of methanogen abundance and compared to the
total amount of methane produced from VFA-amended incubations.
These relationships were generally weak (r = 0.66; Fig. 6), with the
strongest correlations being observed in the Cook Inlet gas field
when amended with acetate (r = 0.61; p = 0.13; Fig. 6) and butyrate
(r=0.66; p = 0.11; Fig. 6). While these correlation coefficients are
not significant, they are still fairly high and help support the finding
that acetate and butyrate are likely important metabolites
throughout the Cook Inlet gas field sites. Again, neither the lllinois
nor Powder River Basin showed a significant relationship between
the total amount of methane produced and the abundance

of mcr genes for the particular sites assessed in this study.

DISCUSSION

While it is clear that coalfield waters harbor a diverse indigenous
microflora, the major ecological factors that influence the
bioconversion of coal to methane remain unresolved. Jones, Voytek
and Warwick (2008) and Jones et al. (2010) identified several
possible limitations to biogenic coalbed methane, mainly in

situ nutrient limitations and the bioavailability of the carbon within
coal. Bates et al. (2011) suggested that carbon, nitrogen and
phosphorous species are relatively low throughout groundwater in



the Powder River Basin. Conceivably, the depletion of these
nutrients could alone or in combination limit in situ methanogenesis.
Nevertheless, multiple enrichment studies from this basin have
reported the bioconversion of coal to methane in vitro when
incubated with coal or potential intermediate compounds (i.e.
acetate, ethanol, etc.). The same studies have also shown dramatic
increases in methane production when incubations were amended
with trace elements, acetate, yeast extract or slight changes in
temperature or pH (Green, Flanegan and Gilcrease 2008; Harris,
Smith and Barker 2008; Ulrich and Bower 2008; Unal et al.2012;
Liu et al.2013; Stephen et al.2014). Similar results have been
reported from enrichment studies in other coalfields such as the San
Juan Basin (Wawrik et al.2011) and coalbeds in Alberta, Canada
(Penner, Foght and Budwill 2010). Taken together, this body of
research suggests that indigineous microbial communities within
coalfield waters could produce modern methane from coal-related
organic matter. However, under laboratory conditions lag times for
methane production from coal or coal-related intermediates can
range from ~120 to 450 days (Harris, Smith and Barker 2008;
Kruger et al.2008; Ulrich and Bower 2008; Wawrik et al.2011),
suggesting that even with adequate nutrient supply,
methanogenesis from these substrates was still a relatively slow
process.

In our study, we wanted to assess the methanogenic potential of
coalbed microbial communities when amended with low molecular
weight VFAs given their presumed importance in anaerobic coal
biodegradation. To investigate this objective, production water
samples were collected from three different coalfields and used as
inocula for anaerobic incubations consisting of a basal medium and
C,-Cs VFA substrates. The medium contained nitrogen and
phosphorous sources as well as trace metals and vitamins in an



attempt to overcome potential nutrient limitations that might
restrict methanogenesis in vitro. The concentration of electron
acceptors (Table 1; nitrate and sulfate) was low enough that
methanogenesis would likely not be substantively inhibited in the 17
coalfield samples. However, our analysis did not comprehensively
address all possible alternative electron acceptors that would
potentially inhibit methanogenesis, most notably iron and other
metals that could be introduced via the metal casing of the sampling
wells. Additionally, the chloride levels (Table 1) fall within the range
that is compatible with methanogenesis (Waldron et al.2007). The
fact that methane was produced from various C,-Cs VFA
amendments in several incubations across the three coalfields
suggests that the medium itself was sufficient and was therefore
unlikely to restrict methanogenesis.

Low molecular weight VFAs were chosen as assay substrates
because they have previously been identified as potential
intermediates formed during the anaerobic bioconversion of coal to
methane (Wawrik et al.2011). We added formate and acetate as
methanogenesis precursors and other VFAs as substrates requiring
syntrophic interactions for ultimate mineralization. The C;-Cs VFAs
are water soluble, and coal was specifically not added in the
incubations to eliminate complications associated with substrate
adsorption limiting bioavailability and concomitant methanogenesis.
We expected the coalfield inocula to easily biodegrade these low
molecular weight VFAs and produce the stoichiometrically expected
amount of methane. However, this was rarely the case. Anaerobic
incubations using coalfield production waters as inocula exhibited
long lag periods (~100 days) and methanogenesis rates that were
rather slow (~1 umol CH, day*). Moreover, these incubations
typically did not reach the stoichiometrically expected amounts of
methane, even after ~400 days of incubation (Fig. 3). Additionally,



the slow rates of methanogenesis measured in the VFA-amended
incubations (Fig. 3) could not be explained by differences in total or
methanogen biomass levels (Table S2, Supporting Information). Of
the three coalfield basins, several samples from the Cook Inlet gas
field were the only ones that harbored the inherent microbial
community that completely mineralized the VFA amendments. The
negative values of methane production in Fig. 3 indicate that several
VFA amendments had a slight inhibitory impact on methanogenesis
relative to substrate-unamended controls. In the few cases where it
was observed, we presume that it was most likely due to the
relatively high concentration of VFAs employed. Methane production
exceeding 100% of the theoretical value was undoubtedly due to
endogenous electron donors already in the coalfield production
waters as detected in the metabolite-profiling assay (Fig. 2 and Fig.
S1).

The metabolic results from the anaerobic incubations were
surprising, considering that the microbial communities from some of
these coalfields, specifically the Powder River Basin, have been
shown to oxidize coal in the laboratory (Green, Flanegan and
Gilcrease 2008; Harris, Smith and Barker 2008; Ulrich and

Bower 2008; Liu et al.2013). However, there is much debate
whether or not planktonic communities in production water reflect
the sessile communities associated with coal. In most coal bed
methane studies, production water is used as inocula due to the
difficulty of obtaining actual coal samples from investigation sites
(Strgpoc et al. 2011b). Klein et al. (2008) suggest that methanogens
associated with coal per se are both phylogenetically and
functionally different than those identified in coal production waters
of the Powder River Basin. Additionally, Wei et al. (2014) also show
that only three microbial genera are shared between the surface of
the coal, mine water and enrichment samples. Thus, despite the



potential differences in planktonic and sessile microbial communities
throughout the three coalfields, the GeoChip analyses indicate that
the genetic potential for complex carbon biodegradation and
methanogenesis is present in all samples (Fig. 4), and that the mean
relative abundance and variability between gene categories across
the three coalfields was not significantly different (Fig. S2). Thus,
methane production was not likely inhibited due to a lack of
functional genes, and by extension, the absence of requisite
microorganisms.

Compared to the methane production using the lllinois and Powder
River Basin inocula, methanogenesis from C;-Cs VFA metabolism
was substantially higher in comparable Cook Inlet incubations. That
is, methane was produced when formate, acetate, butyrate or
valerate was used as an amendment, though sometimes the
mineralization of these substrates was incomplete (Fig. 3B). The
differences between the Cook Inlet gas field and the lllinois or
Powder River coalfield is particularly apparent when assessing the
polar organic compound profiles. The abundance of putative
metabolites in production waters from the Cook Inlet (Fig. S1)
suggests that the metabolic fate of the softer lignitic to
subbituminous coal within this formation was substantially different
than the subbituminous to high volatile bituminous coals found
within the Powder River or lllinois Basins. Harris, Smith and Barker
(2008) previously reported that coals collected from Fort Yukon,
Alaska, contained higher concentrations of organic-extractable
carbon (maltene fraction) than the coals from the Powder River
Basin. Therefore, it is likely that the coal from the Cook Inlet
provides a higher concentration of labile carbon for bacteria to
metabolize, thus producing more total polar organic molecules
within production waters. The presence of butanoic and pentanoic
acids (Fig. 2; samples 6, 8-10) in the Cook Inlet gas field



corresponded with the ability of the inocula to metabolize butyrate
and valerate amendments (Fig. 3B). A strong correlation was also
observed between the diversity of mcr genes in situ and the total
amount of methane when amended with acetate, butyrate and
valerate in vitro (Fig. 5). The Cook Inlet gas field has previously been
reported to have a high diversity of universal and obligate
acetoclastic, methylotrophic and hydrogenotrophic methanogens
(Strgpoc et al. 2011a). Thus, the strong correlations between the
methane produced in butyrate- and valerate-amended incubations
and the diversity of mcr genes suggest that the metabolic coupling
between the syntrophic bacteria and methanogens is an important
process potentially limiting anaerobic bioconversions in coal seams.
However, the GeoChip assay does not contain functional genes that
differentially target syntrophic bacteria, and we were unable to
correlate the relationship between the quantity of syntrophs and
methanogenesis. Regardless, the only possible fate for butyrate and
valerate was the syntrophic bioconversion of these VFAs to the
stoichiometrically predicted values of methane.

Collectively, these results suggest that the soft lignite to
subbituminous coal in the Cook Inlet is easier to degrade than the
subbituminous and bituminous coals of the lllinois and Powder River
Basins. The degradation of the softer coal in turn leads to the
formation of more polar organic compounds (i.e. butanoic, pentanoic
acids) within production waters that are then syntrophically
converted to methane. Thus, the major ecological difference
between the Cook Inlet and the lllinois and Powder River Basins is
the recalicitrant nature of the coal itself. Therefore, we propose that
the inherent biodegradability of coal and the subsequent production
of polar organic substrates that require syntrophic microbial
metabolism is ultimately what governs the bioconversion of coal to
methane. Of course, we do acknowledge that our analysis of a



limited number of samples may not reflect the ecological conditions
inherent throughout the entirety of the coalfields. Such coalfields are
major deposits of organic carbon and it is certainly conceivable that
other ecological factors could positively or negatively impact the
ultimate bioconversion of coal to methane at individual locations.
Additionally, Mayumi et al. (2016) reported that some methanogens
can directly utilize methoxylated aromatic compounds in coal to
produce methane. Our analysis does not differentiate these newly
discovered methoxydotropic methanogens from acetoclastic,
methylotrophic and hydrogenotrophic methanogens that use one- to
two-carbon substrates as electron donors. Nevertheless, the general
trends that we observe would indicate that modern coalbed
methane production is slow at best and primarily limited by the
chemistry of the coal itself.
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