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ABSTRACT 

Vast reserves of coal represent a largely untapped resource that can be used to 

produce methane gas, a cleaner energy alternative compared to burning oil or coal.  

The methane produced in subsurface coal seams, referred to as coalbed methane, 

represents an increasingly important source of domestic energy in the United States 

comprising approximately 10% of natural gas production.  Biogenic coalbed methane is 

formed via the activity of microorganisms and contributes about 40% to the total amount 

of CBM produced in the world.  Enhancement of biogenic coalbed methane has become 

an area of active research due to its potential impact on energy reserves as well as the 

positive environmental implications associated with its use.  

Enrichment cultures from coal were incubated and evaluated by DNA 

sequencing, qPCR analysis and gas chromatography to determine whether the 

presence of specific organisms was correlated to methane production and whether 

microbial community structure differed between productive and unproductive coal 

microcosms.  Additionally, microcosm experiments were designed to assess how prior 

exposure of coal to oxygen might influence methane production and microbial 

community structure and dynamics. 

Microcosms with oxidized coal consistently produced between 50 and 100 

micromoles less methane per gram of coal than the un-oxidized coal microcosms. 

Additionally, un-inoculated microcosms produced levels of methane comparable to their 

inoculated counterparts, demonstrating the importance of native, coal-associated 

microbial assemblages in biogenic methane production.  Pelobacter was strongly 

correlated to methane production, suggesting its relevance for methane production.  

Productive microcosms in this study also had methanogenic populations that were 

dominated by Methanosarcina, a group of metabolically versatile methanogens.  Copy 

number thresholds for methanogens (mcrA gene; 107 copies/mL), sulfate reducing 

bacteria (dsrA; 106 copies/mL) and acetogens (fhs; 105 copies/mL) were identified, 
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below which methane production was limited.  The results of this research add to the 

existing body of knowledge and provide findings that may help with increasing natural 

gas yields by stimulating existing seam activity or by reviving depleted wells.  Further 

work is needed to better understand the intricacies of this process and ways to ensure 

coalbed methane remains a feasible energy resource.  
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CHAPTER ONE:  INTRODUCTION 

Vast reserves of coal represent a large source of energy in the United States.  

The National Mining Association estimates that about 13 percent of the underlying land 

mass of the United States is coal (National Mining Association 2010).  Although coal is 

typically mined and burned for energy, much of the reserves present in the subsurface 

are not technologically or economically feasible to mine.  For a number of reasons, 

including the finite stores of fossil fuels, the push for alternative energy sources has 

increased and is expected to continue.  This has resulted in interest in unconventional 

energy resources.  One such unconventional energy resource is natural gas associated 

with coalbeds.  Consumption of natural gas in the U.S. has been rising (22.4 trillion 

cubic feet (tcf) in 2004 to 26.9 tcf by 2030 (Annual Energy Outlook 2006)), and to meet 

demand, unconventional natural gas reservoirs such as subsurface coalbeds are being 

explored.   

1.1:  Background 

 Coalbed methane (CBM) or coalbed natural gas (CBNG) is regarded as an 

unconventional gas source and has substantial reserves in our nation and the world.  

Coalbed methane is methane gas associated with coal in the subsurface, held in place 

by absorption, adsorption and hydrostatic pressure (from associated waters).  Because 

of these interactions between coal and methane, it is estimated that six to seven times 

more methane can be stored in coal as compared to conventional reservoirs (Taulis 

2007).   

Currently, CBM wells are drilled to collect in-place methane from coal seams.  

Stimulation of CBM production is an important process to understand because of its 

economic and environmental implications.  Methane, the principal component of natural 

gas, is harnessed for use as an energy source; however, active CBM wells are typically 

depleted within eight years (Flores et al. 2001).  Additionally, the water that co-exists 
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with oil and gas in the subsurface that must be removed for production (i.e., produced 

water) is considered to be the greatest waste product generated from oil and gas 

production (Dahm 2012).  For example, the Powder River Basin is estimated to produce 

400 barrels of produced water/day/well, which can lead to water quality and 

management issues (Rice et al. 2000).  

CBM supplies about six to eight percent of the natural gas consumed in the U.S., 

a proportion that is increasing steadily (Flores et al. 2008; Rice et al. 2000).  Thus, 

converting uneconomical coal to natural gas could provide a means to extract valuable 

energy resources that would otherwise remain untapped.  Additionally, methane 

combustion generates significantly less carbon dioxide than other fossil fuel combustion 

such as oil and coal.   

The two types of CBM are characterized by their respective formation processes.  

The first type is thermogenic CBM, which is formed by high pressure and temperature 

through the coalification process.  The second type is biogenic CBM, which is formed 

via the metabolic activity of microorganisms.  Biogenic CBM is an important resource 

because it has the potential to be regenerated, supporting sustainable CBM resources.   

1.1.1: Microbial Capabilities 

In the early 20th century, microbial communities were understood to have the 

ability to degrade coal (Potter 1908).  This discovery was not given further consideration 

until laboratory studies demonstrated the ability of aerobic microorganisms to degrade 

coal 70 years later (Cohen and Gabriele 1982; Faison 1991).  More recent studies have 

suggested that microorganisms are capable of converting coal to methane under 

varying laboratory conditions, via a process known as methanogenesis (Fakoussa and 

Hofrichter 1999; Catcheside and Ralph 1999; Shumkov et al. 1999).  The conversion of 

a complex substrate, such as coal, to methane requires a diverse microbial community 

that can be influenced by a wide range of environmental conditions.  Figure 1.1 displays 

the proposed steps of the biodegradation of coal to methane and the microorganisms 

involved.   
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Figure 1.1.  Proposed steps of methanogenesis from coal (Fallgren et al. 2013). 

The initial steps of this process involve anaerobic fermentation of complex 

organic compounds (e.g., coal), leading to the production of smaller monomers, 

oligomers and long chain fatty acids.  This is typically considered to be the rate-limiting 

step in the degradation process (Strąpoć et al. 2011).  The smaller organic molecules 

are broken down further to produce acetate, carbon dioxide and hydrogen by acetogens 

and other syntrophic microorganisms.  The final conversion of these intermediates into 

methane is carried out by methanogenic archaea, often termed methanogens.  Two 

major methanogenic pathways exist:  the acetoclastic pathway, in which methanogens 

ferment acetate to make methane and carbon dioxide; and the hydrogenotrophic 

pathway, in which methanogens use hydrogen to reduce carbon dioxide, producing 

methane.  In coalbed systems, research has demonstrated that both pathways exist and 

are utilized (Strąpoć et al. 2011).   

2. Methods and materials

2.1. Coal samples

Coal samples were acquired from Argonne National Laboratory's
Premium Coal Sample Program (Argonne, IL, USA). The collection
and processing of these coal samples are detailed in Vorres (1990).
Four different coal ranks (VRI ranging from 0.25 to 1.68%) were se-
lected for comparison: a lignite (Beulah-Zap), a subbituminous coal
(Wyodak-Anderson), a high-volatile (HV) bituminous coal (Pitts-
burgh No. 8), and a low-volatile (LV) bituminous (Pocahontas No. 3)
coal (see Table 1). All coals, with the exception of the lignite, were
similar in maceral composition with vitrinite contents of 85 to 91%
(Vorres, 1990). Table 2 lists the results of elemental analysis and volatile
matter of the coal samples from Argonne National Laboratory; all other
analytical results are detailed in Vorres (1990).

The lignite was collected from the Beulah-Zap coal zone in the
Williston Basin (North Dakota, USA). The seam thickness was
reported to be 5.5 m (Vorres, 1990), and it is known that the
Beulah-Zap coal zone is considered shallow (approximately 15 m or
less below ground surface). The Beulah-Zap coal beds are interbedded
with mudstone, sandstone, and siltstone, all of which also comprise
the overburden material (Flores et al., 1999). The subbituminous
coal was collected from the Wyodak-Anderson coal seam in the Pow-
der River Basin (Wyoming, USA), and the seam thickness at the col-
lection area has been reported to be 37 m (Vorres, 1990). No
collection point depth below ground surface (bgs) was reported, but
it is known that the Wyodak-Anderson coal zone is approximately
150 to 300 m bgs around the collection area (Flores et al., 2008).
Sandstone is the predominant overburden material in the collection
area.

The high-volatile bituminous coal sample was collected from the
Pittsburgh No. 8 coal seam in Pennsylvania (Greene County) where
the coal thickness was reported to be 1.8 m at the collection area
(Vorres, 1990). No seam depth was reported, but depths to the top of
the Pittsburgh seam in Greene County have been determined to range
from 244 to 336 m bgs (Kelafant et al., 1988). The low-volatile bitumi-
nous coal sample was collected from the Pocahontas No. 3 coal seam in

Virginia (Buchanan County), where the seamwas reported to be 1.8 m
thick (Vorres, 1990). Depth to the coal zone in the area has been
reported to range from 361 to 722 m bgs with sandstone, siltstone,
and carbonaceous shale as the predominant materials overlaying the
seam (Nolde and Spears, 1998).

2.2. Methanogenic enrichment and microcosm setup

Coal formation water was collected from an established well
installed within the Wyodak-Anderson coal seam of the Fort Union
Formation in the Powder River Basin (Gillette, Wyoming, USA). This
well has a known history of biogenic methane production. The
water was collected from the coal seam with minimal exposure to
the atmosphere. Working in an anaerobic chamber (Coy Laboratory
Products, Inc., Grass Lake, MI, USA), the formation water was
amended with constituents from a growth medium recipe based on
Tanner (2002) and Green et al. (2008) as described in Jin (2007);
boiling and addition of resazurin were omitted. The carbon source
was also eliminated in the medium. The enrichment container
(60-mL serum bottle) was sealed and stored at ~23 °C for 20 days be-
fore use. Over pressure due to gas formation was released periodically
during the enrichment period.

All activities (i.e., coal and enrichment handling, weighing, solu-
tion preparation, sealing of microcosms) were conducted in the an-
aerobic chamber (Coy Laboratory Products, Grass Lake, MI, USA)
filled with 96% nitrogen and 4% hydrogen. Microcosms were setup
in 60-mL glass serum bottles in triplicate for each coal sample. A sec-
ond set of microcosms (also in triplicate) contained only the microbi-
al enrichment. In each serum bottle, 1.0 g of each coal sample was
added along with 20 mL of the methanogenic enrichment culture.
All microcosms were amended with nutrients, which included am-
monium, phosphate and other trace elements. No extraneous carbon
sources were included in the medium. Each microcosm was sealed
with a polytetrafluoroethylene (PTFE) septum, crimped with an alu-
minum seal, and incubated at room temperature (~22 °C) in the
dark. The headspace of each microcosm was sampled periodically
for CH4 and CO2. Samples for microscopic enumeration were collected
from all microcosms at the end of each experimental period.

2.3. Gas analysis and microbial enumeration

Headspace gas composition for each microcosm was determined
directly by extracting headspace gas through the septum of each mi-
crocosm using a gastight syringe. Analysis of the produced gas was
achieved by injecting 0.5–1.0 mL of headspace into a SRI Instruments
310C gas chromatograph equipped with a thermal conductivity de-
tector (GC-TCD) and 3-ft!1/8-in, stainless steel Hayesep-D packed
column. Ultra high purity helium was used as the carrier gas. The sep-
tum of each microcosm was sealed with silicone immediately after
sampling at the location of the needle puncture to prevent leakage. Enu-
meration ofmicrobial cells in the aqueous phase of eachmicrocosmwas

Acetic acid 
CH3COOH 

Other H2
consumers CH4

Other acetate 
consumers

Methanogenic
Archaea

Coal-derived constituents 
(soluble)

Fermentative bacteria 
Other

volatile fatty 
acids

CO2 + H2

CO2-reducing
acetogens

CO2 + H2

H2-producing
acetogens

Acetoclasts

CO2 reducers CO2

Fig. 1. Hypothesized pathway for microbial methane generation from coal (adapted
from Jin, 2007).

Table 1
Coal samples of different ranks used in this study. Sample collection locations and dates
from Vorres (1990).

Coal type Coal source State Collection date

Lignite Beulah-Zap North Dakota 2/13/87
Subbituminous Wyodak-Anderson Wyoming 11/9/85
High-vol. bituminous Pittsburgh No. 8 Pennsylvania 4/22/86
Low-vol. bituminous Pocahontas No. 3 Virginia 6/23/86

Table 2
Elemental and proximate analyses of each coal sample (data from Vorres, 1990). The
percentages were determined on a dry and ash-free basis, except for sulfur and ash,
which were determined on a dry weight basis only. Volatile matter percentages were
adjusted to represent dry-weight basis.

Coal element Lignite Subbituminous High-vol.
bituminous

Low-vol.
bituminous

Carbon 72.9 75.0 83.2 91.1
Hydrogen 4.83 5.35 5.32 4.44
Oxygen 20.3 18.0 8.8 2.5
Sulfur 0.80 0.63 2.19 0.66
Ash 9.7 8.8 9.2 4.8
Volatile Matter 44.94 44.74 37.82 18.60

93P.H. Fallgren et al. / International Journal of Coal Geology 115 (2013) 92–96
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1.1.2:  Microbial Ecology of Coal Systems 

 In the past, microbial ecology studies relied on culture-based methods for 

identification and classification, which resulted in heavy bias toward organisms that 

were easily cultured in the laboratory over those that were not.  This resulted in a 

skewed vision of microbial diversity.  The advent of modern molecular tools has made it 

possible to characterize the microbial ecology of systems without culturing organisms 

from such systems.  The pioneer of this field was Carl Woese, who proposed the use of 

the small subunit 16S ribosomal RNA (16S rRNA) gene for phylogenetic classification.  

This gene has both conserved and variable regions, making it ideal for comparison of 

deoxyribonucleic acid (DNA) sequences for identification (Baker et al. 2003).   

Most 16S rRNA studies of coal-associated systems have employed Sanger 

sequencing, but more recently have included 454 pyrosequencing technology.  Both 

sequencing approaches rely on genomic DNA extraction and amplification of the 16S 

rRNA gene.  For Sanger sequencing, the PCR amplification products are then ligated 

into a vector plasmid and transformed into competent cells, which are grown on agar for 

selection.  Cloned samples are selected and sequenced using capillary electrophoresis 

(Franca et al. 2002).  In contrast, pyrosequencing is a highly parallel sequencing 

technique that allows many samples to be analyzed concurrently, resulting in greater 

cost and time efficiency (Margulies et al. 2005).  Pyrosequencing does not require 

cloning and results in significantly more reads per plate than Sanger sequencing, but 

generates a shorter product as compared to Sanger (around 500 nucleotides versus 

almost full-length reads of ~1500 nucleotides).  This results in fewer variable regions 

analyzed, so primer selection is very important.  In this study, universal primers 515f 

and 927r were used, which flank variable regions 4 and 5 and are known to result in 

excellent coverage (Wang 2009; Youssef et al. 2009).  

The common denominator among microbial phylogeny studies is the operational 

taxonomic unit (OTU), which is a method of binning samples based on a similarity 

threshold.  OTUs are often referred to as species, but they do not actually represent 

individual species, just a grouping of DNA sequences that are within the threshold of 

similarity from which a representative sequence was assigned to a known species and 

the whole bin was identified as such.  Phylogenetic classification is also impacted by the 
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clustering method used.  For example, this research utilized UCLUST (similarity 

threshold 97%), which is a sequential binning program (Edgar 2010).  This means that a 

single sequence is selected as sequence A, which is used as the first comparison to 

begin the binning process.  Sequence B is compared to sequence A and if it is at least 

97% similar to A then it is binned with A.  If sequence B is not at least 97% similar to 

sequence A then it is placed in a second bin and used for further comparison for 

sequences in that bin.  This method does not result in all sequences within each bin 

being at least 97% similar to each other, but rather, each sequence analyzed after the 

assignment of the original sequence (A) is at least 97% similar to A.  Once OTUs have 

been assigned, a representative sequence for each OTU is selected to make 

downstream analysis more computationally efficient.  In this research, the OTU “seed” 

sequences, or the first sequences placed in each bin, were used as the representative 

sequences.   

The output sequence set is then phylogenetically assigned, utilizing reference 

databases of 16S rRNA sequences.  A number of databases are available, with variable 

levels of curation.  The most commonly utilized databases are Greengenes, the 

Ribosomal Database Project and SILVA.  Greengenes is a 16S rRNA database that 

seeks to improve the public repositories for 16S sequences by chimera checking, 

providing an alignment tool and relying upon multiple published taxonomies for reliable 

assignment of aligned sequences (DeSantis et al. 2006).  The Ribosomal Database 

Project (RDP) provides aligned and annotated rRNA gene sequences, with an 

expanded set of tools to facilitate high-throughput sequencing analysis (i.e., 

pyrosequencing and Illumina) (Cole et al. 2014).  Finally, SILVA provides extensively 

curated databases that cover sequences from Bacteria, Archaea and Eukaryota 

domains.  The updated non-redundant datasets are very useful tools for analysis of 

high-throughput sequencing data (Quast et al. 2013).  Of the different databases, no 

single database is accepted as the gold standard for sequence analysis.  Taxonomic 

classification can depend on the database used.  Therefore, it is important to use the 

same database to classify samples to be compared.  In this research the SILVA 

database was used exclusively.  This database was selected because of the strict 

curation of the non-redundant reference database, made up of all nearly full-length 
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sequences.  Additionally, it is important to consider the need to compare intra-study 

results; although pyrosequencing has not been extensively employed in coal systems, 

the few studies that have conducted pyrosequencing have all used the SILVA database 

for taxonomic assignment (Gallagher et al. 2013; Guo et al. 2012a; Wei et al. 2013). 

1.1.3:  Characterization of Coalbed Microbial Communities 

Many techniques have been employed to study coalbed systems.  In this 

research, we relied on enrichment studies examining methanogenic rates of incubations 

with coal under variable conditions.  Most CBM studies have focused on the microbial 

communities of produced waters associated with coalbeds, as shown in Figure 1.2, 

which leads to a bias toward microorganisms that are more commonly mobile as 

opposed to microbes that may colonize the coal structure itself (Strąpoć et al. 2011); 

however, several studies have examined microbial communities directly associated with 

coal (Guo et al. 2012a, 2012b; Klein et al. 2008; Penner et al. 2010; Tang et al. 2012).  

Designing a laboratory system that is representative of coalbeds can be challenging, 

requiring anaerobic conditions and conditions representative of the subsurface coalbed 

environment.  Batch incubations with produced waters and/or coal are most frequently 

employed for this type of evaluation.   

As mentioned previously, molecular methods of analysis have become useful to 

many environmental fields, as they provide the ability to analyze samples for microbes 

that cannot be cultured.  Quantitative PCR is another such molecular method, relying on 

the detection of genes of interest using specific primers complementary to the target 

sequence.  This method measures the generation of product throughout the reaction 

period, rather than at the end of the reaction as measured by end-point PCR.  Because 

mixed community DNA is amplified to variable extents, end-point PCR introduces bias 

toward sequences that are more readily amplified (Smith and Osborn 2008).  Real-time 

qPCR removes this amplification bias by monitoring product formation over time and 

calculating a copy number based on the exponential phase of product formation.    
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Figure 1.2.  Analyses used in the study of coalbed methane systems (Strąpoć et al. 
2011). 

In this research, three functional genes were evaluated, based on their consistent 

presence and potential metabolic roles of the associated groups of microbes in coalbed 

methane systems.  Because methanogens are often difficult to culture, many studies 

have relied upon the use of culture-independent techniques, utilizing primers for the 

mcrA gene.  Methyl coenzyme M reductase, alpha subunit (mcrA) carries out the 

terminal step in the methane production pathway and is exclusive to methanogens 

(Steinberg and Regan 2009).  Oligonucleotide primers complementary to this gene have 

been extensively used in this and other environmental research to detect and 

enumerate methanogens (Luton et al. 2002; Steinberg and Regan 2009; Yu et al. 

2005).  Dissimilatory sulfite reductase subunit alpha (dsrA) is an enzyme found in 

organisms capable of using sulfate as a terminal electron acceptor.  This enzyme 

catalyzes the reduction of (bi)sulfite to sulfide, a major energy conservation step in 

sulfate respiration (Wagner et al. 1998).  Primers complementary to the dsrA gene are 

frequently used to enumerate sulfate-reducing bacteria in environmental systems 
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Figure 13
Methods for the analysis of microbial communities and metabolic pathways in coal formations. FISH,
fluorescence in situ hybridization; FTMS, Fourier transform mass spectrometry; GC-GC/MS,
two-dimensional gas chromatography–mass spectrometry; GC-MS, gas chromatography–mass
spectrometry; IPL, intact polar lipid; LC-MS-MS, liquid chromatography–tandem mass spectrometry;
MS-MS, tandem mass spectrometry; NanoSIMS, secondary ion mass spectrometry; SEM, scanning
electron microscopy; SIP, stable isotope probing.
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Figure 14
Scanning electron microscopy images of methanogenic incubations with coal (Cook Inlet, Alaska). Microbial
cells are closely associated with coal surfaces, pores, and fractures. Copyright c! 2010 Dennis Kunkel.
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(Dhillon et al. 2003; Gittel et al. 2009; Miletto et al. 2011) and were employed in this 

research.  The formyltetrahydrofolate synthetase (fhs) gene, used in this research to 

quantify acetogenic microorganisms, encodes the aforementioned enzyme, which 

catalyzes activation of formate within the Acetyl-CoA pathway.  This gene is highly 

conserved and has been used successfully as a functional group probe for acetogens in 

environmental samples (Lovell and Hui 1991; Pester and Brune 2006; Vianna et al. 

2008).   

1.1.4:  Basins of Interest 

Globally, CBM occurs in basins in Germany, Hungary, China, Japan, Australia, 

New Zealand, Poland and Canada (Strąpoć et al. 2011; Figure 1.3).  In the US, Alaska, 

California, Utah, New Mexico, Colorado, Wyoming, Kansas, Alabama, Indiana, 

Michigan, Pennsylvania and Texas all have basins with CBM (Figure 1.3).  Colorado, 

Alabama and New Mexico contain 75% of the proven CBM resources in the US and 

over 80% of US production currently occurs in the Rocky Mountain region (USEIA 

2009).  

The Powder River Basin ((PRB), Montana and Wyoming, U.S.A.) is a well-

described basin containing large amounts of CBM.  Gas-in-place estimates for the PRB 

are 51 tcf (De Bruin et al. 2000).  Based on isotope analyses, the PRB is known to have 

predominantly biogenic CBM (Faiz and Hendry 2006; Flores et al. 2008).  In addition, 

the gas in this basin is generally 97 percent methane with no hydrogen sulfide (Rice et 

al. 2000), making it ideal for energy use.  Finally, the conditions favorable for biogenic 

methane production present in the basin include low rank coal (sub-bituminous), high 

permeability and high water content (Rice 1993).  These characteristics make the PRB 

an ideal study site for CBM sampling and research.  Biogenic methane currently 

contributes about 40% to the total amount of CBM produced in the world, and the PRB 

is largely responsible for that percent (Strąpoć et al. 2011; Figure 1.3 inset).  

Conversion of as little as one percent of the coal in this basin to biogenic methane 

would result in the production of 30 tcf of gas (Rice et al. 2000).   
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Figure 1.3.  Global occurrence of coalbed methane and contribution of microbial 
methane (Strąpoć et al. 2011). 

Although CBM is fundamentally a carbon based fuel with associated 

environmental impacts, it serves as a transitional energy resource between traditional 

fossil fuels and next generation energy technologies such as wind and solar power, 

which have reduced direct environmental impact but are utilized to a lesser extent.  The 

Annual Energy Outlook (2014) predicts renewables to be the fastest-growing electricity 

source even compared to natural gas-fired electricity.  Renewables, however, will still 

only account for 16% of total U.S. electricity generation by 2040, as compared to 35% 

and 32% for natural gas and coal, respectively (USEIA 2014). 

Despite advances in the CBM body of knowledge, the fundamental factors 

influencing methane generation from coal are not well understood.  The amount of peer-

reviewed literature in this field is also limited.  In order to better understand the process 

of biogenic methane formation from coal, this research aims to investigate the 

fundamental factors affecting methane production and characterize the associated 

microbial communities.  
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Figure 1
Global occurrences of microbial coal-bed methane (CBM). (1) Cook Inlet Basin, Alaska (Rice & Claypool 1981, Montgomery & Barker
2003, Str !apoć et al. 2010a). (2) Fort Yukon, Alaska (Harris et al. 2008). (3) Alberta Basin, Alberta (Bachu & Michael 2003). (4) Elk
Valley, British Columbia (Aravena et al. 2003). (5) Maine Prairie, California (this review article). (6) Uinta Basin, Utah (Stark & Cook
2009, this review article). (7) Powder River Basin, Wyoming ( Jin et al. 2007, Pfeiffer et al. 2010, Flores et al. 2008, Rice et al. 2008,
Str !apoć et al. 2010a). (8) San Juan Basin, New Mexico and Colorado (Scott et al. 1994, Zhou et al. 2005, this review article). (9) Forest
City Basin, Kansas (McIntosh et al. 2008). (10) Black Warrior Basin, Alabama (Pitman et al. 2003, Pashin 2007, Doerfert et al. 2009).
(11) Illinois Basin, Indiana (Str !apoć et al. 2007, 2008). (12) Michigan Basin, Michigan (Martini et al. 2003). (13) Appalachian Basin,
Pennsylvania (Volkwein 1995). (14) Ruhr Basin, Germany (Thielemann et al. 2004, Krüger et al. 2008). (15) Polish lignites (Str !apoć
et al. 2010a). (16) Carpathian Foredeep (Kotarba 1998). (17) Pannonian Basin, Hungary (Veto et al. 2004). (18) Zonguldak Basin
(Höşgormez et al. 2002). (19) Pechora Basin (Shumkov et al. 1999). (20) Xinji area, China (Tao et al. 2007). (21) Chiba Prefecture,
Japan (Mochimaru et al. 2007). (22) Bowen Basin (Smith & Pallasser 1996, Ahmed & Smith 2001). (23) Surat Basin (Li et al. 2008).
(24) Sydney Basin, Australia (Smith & Pallasser 1996, Faiz & Hendry 2006). (25) Port Phillip Basin, Australia (Li et al. 2008). (26)
Waikato Basin, New Zealand (Butland & Moore 2008, Fry et al. 2009). (27) Greymouth, New Zealand (Butland & Moore, 2008). (28)
Wilcox Group, Texas ( Jones et al. 2008, Orem et al. 2010). (29) Nanushuk Formation, North Slope, Alaska ( Jones et al. 2008).
(30) Hokkaido, Japan (Shimizu et al. 2007). (31) Gippsland Basin, Australia (Midgley et al. 2010). (32) Northwestern Siberian plain
(Yermakov 1970). (33) Upper Silesian Basin, Poland (Kotarba & Pluta 2009). Placement and shapes of the main coal basins on the map
are approximate. Inset graph shows CBM production in the United States (data source: http://www.eia.gov). Asterisk indicates the
percentage of gas produced from all gas-producing wells, and the green dashed area indicates the estimated contribution of microbial
CBM to the total CBM produced (estimation based on isotopic compositions of produced methane). Presently the contribution of
microbial methane to the total CBM produced is !40% and largely owing to the significant production of purely microbial CBM in the
Powder River Basin. Map modified from Open Univ. (2011).

classification diagrams to distinguish between thermogenic and biogenic gas accumulations (e.g.,
Schoell 1980, Rice & Claypool 1981, Whiticar 1999). Carbon and hydrogen isotopic values can
also distinguish between major types of microbial methane generation pathways: CO2 reduc-
tion from acetate fermentation and methane from methanol/methyl-utilizing processes. Figure 2
presents an example of the spread of isotopic and compositional characteristics of gases collected
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1.2:  Scope of Research 

Funding for this project was provided by the Research Partnership to Secure 

Energy for America (RPSEA) through the “Ultra-Deepwater and Unconventional Natural 

Gas and Other Petroleum Resources” program authorized by the U.S. Energy Policy 

Act of 2005.  Researchers from the Colorado School of Mines collaborated to carry out 

a microbial and chemical evaluation of methanogenesis from coal to add to the body of 

knowledge regarding CBM and to promote its continued use as a long-term energy 

resource.  The research focused mainly on coal from the Powder River Basin of 

Wyoming and Montana, which represents a vast reserve of coal that has a large energy 

potential. This dissertation focuses on the evaluation of microbial communities 

associated with coal to enhance and better understand the process of biogenic methane 

formation. 

1.3:  Research Objectives 

The overall goal of the research described in this dissertation is to contribute to 

biogenic CBM research by characterizing microbial communities that are associated 

with coal.  This research will ultimately serve as a basis for the advancement of efforts 

to sustain biogenic CBM as a long-term energy resource.  A number of objectives were 

completed in order to achieve this overarching goal including (i) determining if native, 

coal-associated microbial communities can carry out methanogenesis from coal, (ii) 

characterizing microbial communities associated with coal, (iii) identifying 

microorganisms that are correlated to methane production in coal systems and (iv) 

evaluating the effect of coal oxidation on methane production and microbial community 

structure.  The related details, implications and hypotheses of this overall goal are 

briefly described in the following sections.   
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1.3.1:  Task 1:  Methanogenic Potential of Coal-Associated Microbial Populations 

Research Questions:  Are native, coal-associated microbial communities able to 

generate methane using coal as a sole carbon source?  Are there differences in 

methane production based on coal rank?  

Significance:  Research has demonstrated that microorganisms are capable of 

converting coal to methane under varying laboratory conditions, via methanogenesis.  

Stimulation of CBM formation is an important process to understand because of its 

economic and environmental implications.  Methane, the principal component of natural 

gas, is harnessed for use as an energy source; however, active CBM wells are typically 

depleted within eight years and the coal is often not mined because it is not 

economically viable.  Thus, converting uneconomical coal to natural gas using microbes 

could provide a means to extract valuable energy resources that would otherwise 

remain untapped.  The conversion of a complex substrate, such as coal, to methane 

requires a diverse microbial community that can be influenced by a wide range of 

environmental conditions.  Evaluation of native, coal-associated communities’ ability to 

carry out methanogenesis from coal is essential in order to better understand the 

process and its potential as a continued energy resource.   

Hypothesis:  Native microbial populations associated with coal from the Powder 

River Basin, which contains appreciable amounts of biogenic methane, will have the 

ability to utilize coal as a sole carbon source to generate methane.  Conversely, 

microbial populations native to coal from the Ordos Basin that does not contain 

significant amounts of biogenic methane will not have the ability to generate methane 

using coal as the only carbon source.   

 

Objectives: 

• Set up anaerobic microcosm incubations using coal of different types to evaluate 

the ability of native microbes to produce methane from coal. 

• Monitor methane concentrations in coal microcosms over time. 
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1.3.2:  Task 2:  Characterization of Microbial Communities Associated with Productive 

and Unproductive Coals 

 Research Questions:  Are the microbial communities of productive and 

unproductive coals different?  Can we identify differences in the microbial community 

structure that may explain variations in methane production between coals? 

Significance:  Characterization of the native, coal-associated microbial 

communities is a key factor to better understand the process of methanogenesis from 

coal.  A number of groups have characterized the microbial communities associated 

with coal and produced waters around the world (Strąpoć et al. 2011); however, most of 

these studies examine the communities of samples originating in productive wells or 

basins, but did not actually test the coal for methane production potential ex-situ.  By 

characterizing both productive and unproductive coal incubations ex-situ, evaluation of 

the community differences (if present) may allow for identification of key microbial 

players in the process of biogenic methane formation from coal.   

Hypothesis:  Microbial community structure of productive and unproductive coal 

incubations will differ.  Community differences will allow identification of key microbial 

players in methanogenesis from coal.   

 

Objectives: 

• Collect samples from coal microcosm incubations over time for DNA 

extraction. 

• Perform DNA sequencing and analysis to characterize the microbial 

communities present in productive and unproductive microcosms. 

1.3.3:  Task 3:  Microorganisms as Indicators of Methane Production 

Research Questions:  Can the prevalence of specific microorganisms in CBM 

systems be correlated to methane production?   

Significance:  Anaerobic microbial systems that result in CBM production are 

complex and often behave in unpredictable ways due to inherent biogeochemical 

interactions, as well as the highly heterogeneous nature of such systems.  Other than 
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laboratory incubation studies, few if any tools can easily predict the methane production 

potential of a particular CBM site.  Microbial communities have been characterized in a 

number of basins worldwide (Strąpoć et al. 2011); however, organisms of interest have 

not been correlated to methane production rates.  The evaluation of multiple coal 

samples from different basins and of different rank to test for correlation of prevalence 

of specific organisms with methane production rates would provide valuable information 

for monitoring ongoing productive biogenic CBM processes and potentially making 

methanogenesis work in otherwise unproductive coal seams.  

Hypothesis:  Organisms directly responsible for methane production (i.e., 

methanogens) will be positively correlated to methane production.  Sulfate reducers will 

be negatively correlated or not correlated to methane production, due to competition for 

substrates and microbial interactions.  Acetogens will be correlated with methane 

production because they produce acetate, which is a primary substrate for 

methanogenesis. 

 

Objectives: 

• Collect samples from coal microcosm incubations over time for DNA 

extraction. 

• Perform qPCR analysis for mcrA, dsrA and fhs functional genes to 

enumerate organisms of interest in the system. 

• Correlate organism prevalence to methane production. 

1.3.4:  Task 4:  Impact of Coal Oxidation 

Research Questions:  Does coal oxidation impact the microbial community 

structure and the production of methane?  Can we recommend coal-handling 

procedures to promote consistent, reliable results across laboratory studies? 

Significance:  The conversion of coal to methane by microorganisms has been 

demonstrated by a number of research groups that have handled coal and maintained 

anaerobic conditions appropriately (Harris et al. 2008; Jones et al. 2008, 2010; Li et al. 

2008); however, coal handling and treatment prior to incubation often goes unreported 
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and may impact biogenic methane production.  Additionally, coalbed dewatering (which 

exposes the coalbed to oxygen) has been suggested to negatively impact the native 

microorganisms carrying out the process of methanogenesis from coal (Green et al. 

2008; Jones 2012; Klein et al. 2008).  Analysis of microcosm incubations including 

oxidized and un-oxidized coal should provide insight to determine whether coal 

oxidation impacts the microbial community structure and methane production. 

Hypothesis:  Oxidized coal will be a less optimal substrate for biogenic methane 

production, will have significantly lower levels of methane production and will result in a 

change in the microbial community structure as compared to un-oxidized coal.   

 

Objectives:  

• Set up microcosm incubations containing oxidized or un-oxidized coal, 

carbon-free medium and coal-derived inocula.   

• Collect methane data from coal microcosms over time to evaluate whether 

coal oxidation impacts methane production. 

• Collect samples from coal microcosm incubations over time for DNA 

extraction. 

• Perform DNA sequencing and analysis to identify microorganisms that are 

present in oxidized and un-oxidized coal microcosms. 

1.4:  Organization of Dissertation 

 This dissertation is organized into six chapters.  Chapter 1 provides an 

introduction, including background information, research objectives and scope and 

research hypotheses tested.  Chapter 2 focuses on the characterization of microbial 

communities associated with productive and unproductive coal microcosms and is 

prepared as a scientific article for submission to Geobiology.  Chapter 3 examines the 

effect of coal oxidation on methane production and microbial community structure and 

was published in the International Journal of Coal Geology in March 2013.  Chapter 4 is 

an evaluation of the microbial dynamics of coal-associated microbial communities 

based on qPCR analysis and is prepared as a scientific article for submission to the 
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International Journal of Coal Geology as a short communication.  Multiple research 

tasks are addressed in chapters 2 through 4 and are presented by chapter in a bulleted 

list below.  Chapter 5 is a brief description and evaluation of a K-12 outreach program at 

the Colorado School of Mines.  This chapter is prepared for submission to the Journal of 

Higher Education Outreach and Engagement.  Chapter 6 presents the overall research 

conclusions, implications and contributions as well as recommendations for future 

research.   

 

• Chapter 2: Characterization of coal-associated microbial communities of 

productive and unproductive coals 

o Task 1 – Communities evaluated as productive or unproductive based on 

ability to produce methane in microcosm incubations 

o Task 2 – Microbial communities of productive and unproductive coal 

incubations characterized (DNA sequencing and qPCR) 

o Task 3 – Organism relative abundance (by phylogenetic category) and 

absolute abundance (as copy number per mL of methanogens, acetogens 

and sulfate reducers) evaluated for correlation to methane production 

 

• Chapter 3: The effect of coal oxidation on methane production and microbial 

community structure in Powder River Basin coal 

o Task 1 – Incubations of oxidized and un-oxidized coal evaluated for 

methane production 

o Task 2 – Microbial communities of oxidized and un-oxidized coal 

incubations characterized (DNA sequencing) 

o Task 4 –Impact of coal oxidation on methane production and microbial 

community structure evaluated 

  

• Chapter 4: Temporal dynamics of three functional microbial groups associated 

with methane production from Powder River Basin coal incubations 

o Task 1 – Coal incubations evaluated for methane production 
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o Task 2 – Microbial dynamics of methanogens, acetogens and sulfate 

reducing bacteria characterized (qPCR) 

o Task 3 – Organisms abundance evaluated for correlation to methane 

production over time 
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CHAPTER TWO:  CHARACTERIZATION OF MICROBIAL COMMUNITIES OF 

PRODUCTIVE AND UNPRODUCTIVE COALS 

 This chapter is intended for publication in the journal Geobiology.  Proposed title 

and authors are as follows: “Characterization of Microbial Communities of Productive 

and Unproductive Coals” prepared by Lisa K. Gallagher, Andrew W. Glossner, Lee L. 

Landkamer, Linda A. Figueroa, Kevin W. Mandernack and Junko Munakata-Marr.  Co-

authors provided experimental direction, insight as well as analysis, and manuscript 

feedback; all DNA sample extraction and processing, DNA sequencing sample 

preparation and analysis, qPCR analysis, gas chromatography and subsequent analysis 

were performed exclusively by Lisa Gallagher.   

2.1:  Abstract 

 Biogenic coalbed methane (CBM) has become an area of active research due to 

its potential as a cleaner energy resource as compared to the burning of coal and oil.  

To carry out the biodegradation of a complex substrate like coal, a microbial community 

with diverse metabolic abilities is required.  Microbial ecology surveys can provide 

valuable insight when evaluating coal basins for methanogenic potential.  One area that 

lacks much information is how community structures differ between methanogenically 

productive and unproductive coal systems.  Additionally, very little information is 

available regarding the correlation of specific organisms to methane production.  This 

study aims to provide insight in these two areas.  Enrichment cultures from coal were 

incubated and evaluated to determine whether the presence of specific organisms was 

correlated to methane production and whether microbial community structure differed 

between productive and unproductive coal microcosms.  Pelobacter was strongly 

correlated to methane production, suggesting its relevance for methane production. 

Methanogenic populations in productive microcosms in this study were dominated by 
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Methanosarcina, a group of metabolically versatile methanogens.  Copy number 

thresholds for mcrA (107 copies/mL), dsrA (106 copies/mL) and fhs (105 copies/mL) 

were identified, below which methane production was limited.  The results of this study 

support that Pelobacter and Methanosarcina are both important organisms in the 

process of methanogenesis from coal, informing future CBM microbial studies.  

Additionally, copy number thresholds for methane production determined in this study 

may be useful as a diagnostic for systems (e.g. microcosm incubations) that are 

unproductive.  These results are an important contribution toward understanding the 

organisms required for methanogenesis from coal and will serve as a basis for the 

enhancement of biogenic CBM.   

2.2:  Introduction 

Biogenic CBM production has become an area of active research due to its 

potential as a cleaner energy resource compared to the burning of coal and oil.  

Biogenic CBM is a commonly and increasingly utilized energy resource.  According to 

Strąpoć et al. (2011), about 40% of the total amount of CBM produced in 2008 was 

microbial in origin.  

To carry out the biodegradation of a complex substrate like coal, a microbial 

community with diverse metabolic abilities is required.  Methanogens are the most 

commonly studied organisms in coalbed systems, as they are responsible for the 

terminal step of methane formation; however, these microbes require the activity of 

other organisms capable of carrying out preliminary steps in the process.  Fermentative 

bacteria are necessary to degrade the complex carbon molecules of coal into less 

complex monomers and oligomers.  These metabolites are further broken down into 

long chain fatty acids, which are used by acetogenic microorganisms to produce 

hydrogen, carbon dioxide and acetate, as well as other metabolites.  Once these 

products are formed, acetoclastic methanogens utilize the acetate as a terminal electron 

acceptor to produce methane and carbon dioxide, while the hydrogenotrophic 

methanogens use hydrogen and carbon dioxide to form methane (Garcia et al. 2000).  

Additionally, methanogens may use other metabolites, such as formate or 
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methylamines, to produce methane (Garcia et al. 2000).  In order to better understand 

the methanogenic potential of a basin, it is important to characterize its microbial 

populations.     

Microbial ecology surveys can provide valuable insight when evaluating coal 

basins for methanogenic potential.  These ecological surveys can be used to 

characterize microbial communities that are able to produce methane using coal as a 

sole carbon source (as well as those that cannot) and to correlate specific organisms to 

methane production.  Such microbial characterizations have been performed in a 

number of basins around the world (Gallagher et al. 2013; Green et al. 2008; Guo et al. 

2012a, 2012b; Klein et al. 2008; Li et al. 2008; Midgley et al. 2010; Penner et al. 2010; 

Shimizu et al. 2007; Strąpoć et al. 2008; Tang et al. 2012; Wawrik et al. 2011).  One 

area that lacks much information, however, is how community structures differ between 

productive and unproductive coals.  Additionally, very little information is available 

regarding the correlation of specific organisms to methane production.  This study aims 

to provide insight in these two areas.  Enrichment cultures from coal were incubated 

and evaluated to determine (i) the ability of native, coal-associated microbes to produce 

methane from coal, (ii) whether the presence of specific organisms could be correlated 

to methane production and (iii) whether microbial community structure differed between 

productive and unproductive coal microcosms.   

2.3:  Materials and Methods 

 Coal samples were collected from the Powder River Basin (Wyoming, USA).  

Two wells, 21-32 and 23-34, were sampled within the basin.  Three seams (the Big 

George, Smith and Felix) from the Wyodak-Fort Union formation were sampled from 

these wells at variable depths ranging from 240 to 610 meters.  Coal from well 23-34 

originated in the Big George seam.  Coal from well 21-32 originated in all three seams.  

These coals are sub-bituminous in rank.  Samples were collected by filtration from the 

drilling effluent during the process of drilling a CBM well.  Upon collection, the coal 

cuttings were rinsed with sterile, anaerobic de-ionized water and vacuum-sealed in 

airtight bags with oxygen scrubbers.  The samples were kept on ice for transport back to 
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the lab, where they were stored at 4°C.  Coal was also collected from the Bridle Bit 

Ranch area of the PRB during drilling and delivered to Colorado School of Mines (CSM) 

under aerobic conditions.  This coal was stored in plastic containers at 4°C.  

Additionally, dry, cutting and core lignite coal samples from the Ordos Basin in China 

were collected from shallow, non-gas producing seams.  Samples were transported to 

the United States (Fort Collins, CO) taking precautions to ensure anaerobic conditions.  

Samples were maintained under anaerobic conditions except for a brief transport period 

(less than 2 hours; transported in sealed plastic bag) from Fort Collins, Colorado to 

Golden, Colorado.  Upon receipt of samples, the lignite was placed into airtight bags 

with oxygen scrubbers, vacuum-sealed and stored at 4°C.   

 Microcosm incubations were set up to enrich for the native microbial communities 

capable of methanogenesis from coal.  Individual microcosm descriptions are presented 

in Table 2.1.  The coal was brought into an anaerobic chamber, with a gas composition 

of 5% CO2, 5% H2 and 90% N2, and measured into 5 gram amounts.  The coal was 

crushed with a sterile mortar and pestle.  The coal was crushed to coarse sand sized 

particles.  Results of particle size analysis for the 23-34 and 21-32 coals are presented 

in Table 2.2.  Five to 10 grams of coal and 50 mL of carbon-free medium were added to 

120 mL serum bottles, sealed with butyl rubber stoppers and provided a 4:1 N2 to CO2 

headspace by flushing for three minutes then pressurizing to 14 kPa.  Medium was 

prepared according to Tanner (1997), with the exception of substituting chloride salts 

when sulfate salts were specified.  Microcosms were incubated at 30°C in the dark.  

One milliliter of coal slurry was transferred to fresh coal and medium after a minimum of 

30 days of incubation.  Samples O-1, S2-1 and S3-1 were inoculated using enrichments 

from coal that are not described in this chapter.  These enrichments were excluded from 

this chapter based on different sequencing times, resulting in fewer sequences per 

sample (5,000 sequences per sample vs. >10,000 sequences per sample).  This large a 

difference in the number of sequences per sample diminishes the comparison due to 

the effect of sample size on analytical results.  The relation of all samples in this 

dissertation is described in Figure C.1.  
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Table 2.1.  Microcosm descriptions.  All microcosms used 5-10 grams of coal, 50 mL of 
carbon-free medium and were provided a 4:1 N2: CO2 headspace.  Unless otherwise 
noted, microcosms were set up using coal cuttings.  Coal source is listed as basin of 
origin followed by seam in parentheses.  Incubation time is reported in days since 
transfer to fresh coal; months of raw coal storage time prior to incubation is reported in 
parentheses. 

Experiment Microcosm 
ID 

Description Coal Rank Coal 
Source 

Treatment Date 
Sampled 

Incubation 
Time 

Enrichment  1 Enrichment 
culture  

Sub-
bituminous 

PRB  
(23-34) 

None 6.15.10 93; (9) 

Enrichment 2 Enrichment 
culture 

Sub-
bituminous 

PRB  
(23-34) 

None 7.28.10 43; (10) 

Enrichment 3a, 3b Replicate 
enrichment 

Sub-
bituminous 

PRB  
(23-34) 

None 10.17.10 38; (13) 

Enrichment 4a, 4b Replicate 
enrichment 

Sub-
bituminous 

PRB 
(23-34) 

None 12.10.10 89; (15) 

Enrichment 5a, 5b Replicate 
enrichment 

Sub-
bituminous 

PRB  
(23-34) 

None 1.1.11 112; (16) 

Oxidized 
offshoot  

O-1 Early 
incubation 
 time point 

Sub-
bituminous 

PRB 
(BB) 

Inoculated 
post-
autoclave 

11.4.11 17; (26) 

Oxidized 
offshoot 

O-2 Late 
incubation 
 time point  

Sub-
bituminous 

PRB 
(BB) 

Inoculated 
post-
autoclave 

11.29.11 42; (26) 

Sulfate/Acetate S1 Enrichment 
culture 

Sub-
bituminous 

PRB  
(21-32) 

None 12.17.12 ---; (39) 

Sulfate/Acetate S2-1 Experiment 
t=0 

Sub-
bituminous 

PRB  
(21-32) 

500µM 
sulfate; 
1mM 
acetate 

6.12.12 0; (33) 

Sulfate/Acetate S2-2 Experiment 
t=final 

Sub-
bituminous 

PRB  
(21-32) 

500µM 
sulfate; 
1mM 
acetate 

7.19.12 37; (33) 

Sulfate/Acetate S3-1 Experiment 
t=0 

Sub-
bituminous 

PRB  
(21-32) 

500µM 
sulfate;  
1mM 
acetate; 
5mM 
molybdate 

6.12.12 0; (33) 

Sulfate/Acetate S3-2 Experiment 
t=final 

Sub-
bituminous 

PRB  
(21-32) 

500µM 
sulfate;  
1mM 
acetate; 
5mM 
molybdate 

7.19.12 37; (33) 

Enrichment L1 Coal 
Cuttings 

Lignite Ordos  None 12.21.12 6; (1) 

Enrichment L2 Coal 
Cuttings 

Lignite Ordos None 12.21.12 6; (1) 

Enrichment L3 Coal Core Lignite Ordos  None 12.21.12 6; (1) 
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Table 2.2.  Particle size analysis of coal.  Size fractions were selected based on the 
nominal particle size in the range of coarse sand.  Numbers represent percent of total 
weight within that size fraction.  

Size Fraction 23-34 coal 21-32 coal 

>1 mm 86.1% 65.4% 

>500 µm 6.6% 19.0% 

>124 µm 4.7% 11.6% 

< 124 µm 1.6% 3.1% 

2.3.1:  Gas Chromatography 

 Microcosms were shaken for 30 seconds prior to sampling to promote consistent 

sample collection.  A gas-tight syringe needle was flamed and allowed to cool before 

collecting 0.1 mL of headspace gas, which was directly injected into the gas 

chromatograph.  A Shimadzu GC-17A with a Molsieve with a 5 Å pore size, HayeSep Q 

column (2-m x 2-mm i.d.) and a flame ionization detector (FID) was used to measure 

cumulative headspace methane concentrations.  The oven and injector temperature 

was 100°C, while the FID temperature was 200°C. The helium carrier gas flow rate was 

17 mL/min. Methane was detected using the FID, with a retention time of 3.2 minutes. 

Calibration standards of 0.01% and 1% methane (Scotty Analyzed Gases) were injected 

at atmospheric pressure for standard curve generation. 

2.3.2:  DNA Extraction  

One milliliter of coal slurry was collected (using a 23 gauge needle) for each 

enrichment culture over time and stored at -80°C in cryovials until DNA extraction.  Bulk 

DNA was extracted using the MoBio Powersoil DNA Isolation Kit (MoBio Laboratories), 

with methodological alterations to increase DNA recovery.  Method modifications 



 

 23 

included utilizing all of the supernatant generated (900 µL) after bead beating and 

centrifuging rather than the 400-500 µL of supernatant specified in the method.  The 

liquid content of the slurry samples was high compared to typical soil samples, so larger 

volumes of supernatant were generated at this step.  This resulted in two “replicates” 

processed for each extraction, resulting in elution from two filters into one final pool.     

2.3.3:  DNA Sequencing and Analysis 

 Sequencing of the 16S rRNA gene was performed using the methods described 

in Osburn et al. (2011), with slight modification to optimize generation of product for the 

samples in this study.  Specifically, 8µL of template DNA per reaction was used.  The 

primer set 515f/927r-modified (Osburn et al. 2011; 515f-modified, 5’-

GTGYCAGCMGCCGCGGTAA-3’, and 927r-modified, 5’-

CCGYCAATTCMTTTRAGTTT-3’) was used to amplify the 16S rRNA gene for bacteria 

and archaea; forward primers also had a unique 8-nucleotide barcode, which allowed 

for post-sequencing identification.  Samples were amplified on a LightCycler 480 II 

(Roche Applied Sciences) using touchdown PCR to minimize primer dimer formation 

(Don et al. 1991).  The PCR reaction for each sample was stopped as the amplification 

reached a plateau stage.  Reactions were 30 µL in volume.  The final concentrations of 

all components were 1X Phusion DNA Polymerase Master Mix with high fidelity (HF) 

Buffer (New England Biolabs), 0.4X SYBR Green I (Invitrogen), 8% v/v dimethyl 

sulfoxide (DMSO) and 0.5 µM forward and reverse primers.  Once the PCR amplicons 

were generated, the size and concentration were determined using a Bioanalyzer 2100 

(Agilent Technologies).  To normalize the concentration of all samples, samples were 

pooled and then vacuum evaporated to the calculated desired total volume.  The pooled 

DNA was gel-purified using the EZNA purification kit (Omega Biotek) and shipped to 

Selah Genomics (Columbia, SC) for 454 pyrosequencing on a titanium platform (Roche 

Applied Sciences).   

 Raw sequences were processed using the QIIME pipeline (Caporaso et al. 

2010).  Quality screening was employed as described by Huse et al. (2007).  

Sequences were removed based on several conditions, including lengths less than 200 
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or greater than 500 nucleotides, quality scores below 25, ambiguous base calls, primer 

errors or homopolymer runs greater than six.  Errors from the pyrosequencing process 

were then removed from the remaining flow grams using a noise removal algorithm 

(Reeder and Knight 2010).  Clustering of sequences was carried out at 97% identity and 

ChimeraSlayer was used to identify and remove chimeric representative sequences 

(Haas et al. 2011).  The remaining representative sequences were aligned to the SILVA 

SSURef102_NR database, using BLAST, for phylogenetic assignment (Altschul et al. 

1990).  Organisms as defined by operational taxonomic units (OTUs) were grouped at 

different levels of phylogenetic classification to simplify the data presented and to 

represent groups of interest in this study.  Organisms (OTUs) comprising less than one 

percent of the overall relative abundance were also phylogenetically assigned.   

 Diversity analyses were carried out in R and included calculation of true 

diversities of order 0, 1 and 2 (Hill 1973; Jost 2006; MacArthur 1965).  The order 0 

diversity was calculated using the species richness index, as shown in Table 2.3.  

Diversity of order 1 was calculated using the Shannon-Wiener index and converted to 

effective number of species by taking the exponent of the calculated index (Table 2.3).  

Diversity of order 2 was calculated using the Gini-Simpson index and converted to 

effective number of species by using 1/(1-x), where x is the Gini-Simpson index value.  

These diversities are expressed as “effective number of species”.  Indices such as the 

Shannon entropy or Gini-Simpson are often referred to as “diversity”, but are actually 

just an index of diversity (Jost 2006).  The effective number of species for a sample is 

the number of equally occurring species that are necessary to attain a particular value 

for a diversity index (Jost 2006).  This represents the true diversity of the sample and is 

useful because it removes the non-linearity of most diversity indices, allowing for 

appropriate comparisons between measurements and samples.  These three diversity 

orders were selected because they place different emphases on the makeup of the 

community.  For order 0, the diversity is impacted most by the rare species in a 

community, while order 2 is affected the most by dominant species in a community.  

Order 1 is the most equally weighted, with each species weighted based on its 

respective frequency.  By utilizing all three orders, a more complete understanding of 

the community diversity may be achieved. 
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Table 2.3.  Equations used for diversity calculations.  P is the proportion of clones in the 
ith OTU and S is the number of OTUs within a sample. 

Diversity of order Favors Index (x) Equation 

Conversion to 

effective # of 

species 

0 Rare species Species richness x ≡∑
=

S

1i

0
ip  X 

1 Equally weighted Shannon entropy x ≡ ∑
=

−
S

1i
ii plnp  exp(x) 

2 Common species Gini-Simpson x ≡ 1-∑
=

S

1i

2
ip  1/(1-x) 

 

 UniFrac is a method to analyze beta diversity, or the diversity between samples.  

This analysis relies on phylogenetic information, which provides a distinct advantage as 

compared to non-phylogenetic methods because it considers all levels of sequence 

similarity (Lozupone and Knight 2005).  In UniFrac, a phylogenetic tree is input that 

includes all sequences from each sample being compared.  The branch length of the 

tree is based on the number of substitutions between the sequences being compared.  

Greater branch length between two sequences indicates greater difference.  The 

UniFrac metric is defined as the branch length that is unique to one sample or the other 

(Lozupone and Knight 2005).  A UniFrac metric is generated for each paired 

comparison and a distance matrix is output.  This distance matrix was imported into R 

and a heatmap was generated, using the ggplot2 library. 

2.3.4:  Quantitative PCR Analysis 

All qPCR analyses were performed on a LightCycler 480 II instrument (Roche 

Applied Sciences).  Cycling conditions are listed in Table 2.4.  DNA concentration of the 

generated standard amplicon was calculated based on triplicate measurements on a 

Bioanalyzer 2100 (Agilent Technologies).  After the copy number was calculated based 

on this concentration, a standard curve based on 10-fold serial dilutions was 

constructed to determine gene copy numbers in unknown samples.  Samples, 
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standards and controls were run in duplicate.  Raw data were exported to LinRegPCR 

(Ramakers et al. 2003; Ruijter et al. 2009), which estimates fluorescence baseline using 

an algorithm that constructs the log-linear phase from the plateau stage downward.  

Average efficiency per amplicon, a common window of linearity, fluorescence threshold, 

and starting concentrations were calculated in LinRegPCR. 

Methanogens were enumerated based on the presence of the mcrA functional 

gene, which is unique to methanogenic organisms.  Methyl coenzyme reductase, 

subunit alpha (mcrA) genes were amplified using the primer set mlas/mcrA-rev 

(Steinberg and Regan 2008; mlas 5’-GGTGGTGTM GGDTTCACMCARTA-3’/ mcrA-rev 

5’-CGTTCATBGCGTA GTTVGGRTAGT-3’).  Each reaction (20 µl) contained 10 µl 

Perfecta SYBR Green Supermix (Quanta Biosciences), 7 µl nuclease-free water, 1 µl 

each primer (10 µM each), and 2 µl template DNA.  Specificity of product formation was 

confirmed by melt curve analysis (55°C to 95°C with acquisition every 0.5°C).  

Methanosarcina mazei was used as a standard.  The average amplicon efficiency was 

1.832.   

Quantification of sulfate-reducing bacteria was based on the presence of the 

dsrA functional gene.  Dissimilatory sulfate reductase, subunit alpha (dsrA) genes were 

amplified using the primer set DSR1F/Del1075R (Gittel et al. 2009; DSR1F 5’-

AC(GC)CACTGGAAGCACG-3’/ Del1075R 5’-G(CT)TC(ACG)CGGTTCTT(GAT)C-3’).  

Each reaction (20 µl) contained 10 µl Perfecta SYBR Green Supermix (Quanta 

Biosciences), 3 µl nuclease-free water, 1 µl each primer (100 pmol µl-1 each), and 5 µl 

template DNA.  Specificity of product formation was confirmed by melt curve analysis 

(58°C to 95°C with acquisition every 0.5°C).  Desulfovibrio vulgaris was used as a 

standard.  The average amplicon efficiency was 1.827.   

Acetogens were enumerated based on detection of the FTHFS (fhs) gene encoding 

formyltetrahydrofolate synthetase, which is a highly conserved enzyme that functions in 

the acetyl-CoA pathway of acetogenic microorganisms (Xu et al. 2009).  To detect the 

fhs gene, the primer set fhs1/FTHFS-r was used (Xu et al. 2009; fhs1 5’-

GTWTGGGCWAARGGYGGMGAAGG-3’/FTHFS-r 5’-GTATTGDGTYTTRGCCATACA-

3’).  Each reaction (20 µl) contained 10 µl Perfecta SYBR Green Supermix (Quanta 

Biosciences), 4 µl nuclease-free water, 2 µl each primer (10 µM each), and 2 µl 
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template DNA.  Specificity of product formation was confirmed by melt curve analysis 

(50°C to 95°C with acquisition every 0.5°C).  An environmental sample that was 

previously sequenced and known to have a high relative abundance of Spirochaetes 

was used as a standard.  The average amplicon efficiency was 1.849.     

Table 2.4.  Quantitative PCR cycling conditions.  All temperatures are in degrees 
Celsius.  Minutes are abbreviated ‘m’ and seconds are abbreviated ‘s’.  The fhs gene 
required touchdown PCR to optimize product formation and assay specificity (Don 
1991; Xu et al. 2009). 

Gene Initial 

Denature 

(˚C; m) 

Denature 

(˚C; s) 

Anneal  

(˚C; s) 

Extend 

(˚C; s) 

# 

Cycles 

Final 

Extend 

(˚C; m) 

mcrA 95; 3.5 95; 30 55; 45 72; 60 45 72; 7 

dsrA 95; 10 95; 30 58; 30 72; 60 45 -- 

fhs 95; 4 

-- 

95; 45 

95; 45 

63-55; 45 

55; 45 

72; 60 

72; 60 

9 

30 

-- 

72; 5 

 

 To validate copy number measurements, cell densities for methanogens using 

the hydrogenotrophic or acetoclastic pathway were estimated based on methane 

produced and mcrA copy numbers.  The energy released from oxidation/reduction 

reactions, ΔGR, can be calculated based on balanced half reactions.  The calculated 

ΔGR values based on ΔGo values in Tchobanoglous et al. (2003) were -16.35 kJ/mole 

electrons for H2/CO2 and -3.57 kJ/mole electrons for acetate.  Equations 2.1 and 2.2 

were used to calculate the proportion of electron donor used for energy (fe) and cell 

synthesis (fs).   

 

fe/fs = -ΔGs/KΔGR                                                                                          (Equation 2.1) 

 

where ΔGS is the free energy required to convert 1 electron equivalent of the carbon 

source to cell material, = 221 kJ/electron equivalent for autotrophs (Rittman and 

McCarty 2001), and 
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K is the energy capture efficiency, estimated = 0.60 (McCarty 1971). 

 

fe + fs = 1                                                                                                       (Equation 2.2) 

 

The fe and fs values were used with half reactions for electron donor and 

acceptor and the half reaction for cell synthesis (Tchobanoglous et al. 2003) to calculate 

the stoichiometry for the overall reactions, using Equation 2.3 (McCarty 1971).   

 

R = feRa + fsRcs - Rd                                                                                           (Equation 2.3) 

 

where R = balanced reaction (overall), 

Ra = electron acceptor half reaction, 

Rcs = synthesis of cells half reaction, and 

Rd = electron donor half reaction. 

Based on the measured methane production and the overall reaction stoichiometry, the 

mass of cells generated was estimated for each microcosm.  As methanogens are 

known to have one mcrA copy per cell, total copy number was considered equivalent to 

total methanogen cells (Steinberg and Regan 2009).  This allowed calculation of the 

mass of each methanogen cell as follows.   

 Equation 2.3 was used to calculate the moles of cells produced per moles of 

methane.  The resulting value was converted to moles of cells per micromoles of 

methane and multiplied by the experimental micromoles of methane produced to get the 

moles of cells produced.  The moles of cells produced was then multiplied by the 

molecular weight of cell material (113.11511; Tchobanoglous et al. 2003) to calculate 

grams of cells produced.  Total mcrA copy numbers were divided by the grams of cells 

produced to get the number of methanogen cells per gram of cells produced.  The 

inverse of these numbers were the cell densities. 
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2.3.5:  Statistical Analysis 

 Regression analysis was used to evaluate the relationship between methane 

production and various phylogenetic categories.  For these analyses, scatterplots were 

generated using one factor as the x-axis values (e.g., µmoles CH4/ g coal) and one 

factor as the y-axis values (e.g., % relative abundance of Spirochaetes).  Linear 

regression lines were plotted and the R2 values were evaluated to determine how well 

the regression line fit the data, or the fraction of variation in y values that can be 

explained by variation in the x values.  Statistical significance of the correlations was 

determined based on calculation of a critical value for each correlation based on 

correlation coefficient, the number of samples analyzed and the level of significance, as 

displayed in Equation 2.4. 

 

𝑡 = !   !!!
√(!!!!  )

                                                                                                      (Equation 2.4) 

 

where r is the Pearson’s correlation coefficient, N is the number of pairs of data points 

and t is the critical value of the correlation.   

 Additionally, true diversity values for orders 0, 1 and 2 were evaluated for 

statistical significance between starting and ending time points, biological replicates, 

productive and unproductive microcosms and coal ranks.  The student’s t-test was 

employed calculating a p-value to indicate significance at the selected level.   

2.4:  Results 

 Enrichment cultures from coal were incubated and evaluated to determine (i) the 

ability of native, coal-associated microbes to produce methane from coal, (ii) whether 

the presence of specific organisms could be correlated to methane production and (iii) 

whether microbial community structure differed between productive and unproductive 

coal microcosms.  The results of these analyses are presented below. 
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2.4.1:  Methane Production 

 One objective of this study was to determine if native, coal-associated microbes 

have the ability to produce methane from coal without an exogenous carbon source. 

Figure 2.1 shows the micromoles of methane per gram of coal produced for the 

enrichment cultures and treatment microcosms evaluated in this study.  Enrichment 

cultures from the PRB produced 58-192 µmoles CH4/g coal, at least 19 times more 

methane than the PRB sulfate/acetate and lignite enrichment microcosms.  Sulfate 

microcosms produced between 0.13 and 2.72 µmoles CH4/g coal, while the lignite 

microcosms produced 0.03 µmoles CH4/g coal or less.  The sulfate and lignite 

microcosms will be further considered as unproductive microcosms, while the PRB 

samples (1 through O-2) will be considered productive microcosms.   

 

 

Figure 2.1.  Methane production of PRB enrichment cultures (1 through O-2), PRB 
sulfate/acetate microcosms (S1 through S3-2) and lignite enrichment cultures (L1-L3).   
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2.4.2:  Phylogeny 

The results of phylogenetic assignments are presented as relative abundance in 

Figure 2.2.  Panel A of Figure 2.2 displays the community structure for the productive 

microcosms.  All samples in Panel A had relatively large δ-Proteobacteria: Pelobacter 

populations, shown in royal blue.  Additionally, Geobacter and other δ-Proteobacteria 

(teal and aqua, respectively) were present in significant yet variable proportions across 

the samples.  The community structure of samples from O-1 and O-2 microcosms 

consisted of around 80% Geobacter, but this did not seem to be associated with higher 

methane production over a more balanced and diverse community, as found in the 

remaining samples of Panel A.  Samples 4a and 4b produced the greatest amount of 

methane and also had significant populations of other δ-Proteobacteria.  Methanogens 

were present at greater than 1% relative abundance in samples 3a, 3b, 4b, 5a, 5b, O-1 

and O-2.   

As shown in Panel B of Figure 2.2, S2-1 and S3-1 were primarily (65 to 70% 

relative abundance) made up of Bacteroidetes (white bars) and Clostridia (kelly green), 

which did not appear to benefit methane production.  The remaining microcosms (S1, 

S2-2 and S3-2) produced slightly more methane and had around 25-40% relative 

abundance of Geobacter.  Microcosms S2-2 and S3-2 also had around 15-20% relative 

abundance of other δ-Proteobacteria.  Methanogens were only found at greater than 

1% relative abundance in sample S1.   

Panel C of Figure 2.2 displays the relative abundance of different microbial 

populations in lignite samples.  These microcosms produced negligible methane but are 

important for comparison to the productive microcosm communities.  In these three 

samples, Clostridia and Bacteroidetes have the greatest relative abundance.  Sample 

L3 also had around 25% relative abundance of Actinobacteria.  No methanogens were 

found in these samples.   

Evaluation of organism relative abundance as compared to methane was carried 

out for microcosms in this study.  All reported taxonomic groups were plotted versus 

methane production for each microcosm (18 samples; single data point for each 

category) and the R2 values for each correlation were collected.  Pelobacter was the 

only group of organisms in this study correlated to methane production.  The associated 
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R2 value is 0.86, indicating a strong (positive) correlation.  All remaining taxonomic 

groups had R2 values of 0.3 or below. 

 

Figure 2.2.  Phylogenetic assignment based on 454 pyrosequencing of the 16S rRNA 
gene.  Panel A shows samples from the enrichment experiment, Panel B shows 
samples from the sulfate/acetate experiment and Panel C shows samples from the 
lignite experiment.  Relative abundance is expressed as a percentage and is displayed 
on the primary (left) vertical axis.  Methane is displayed on the secondary (right) vertical 
axis using black dots and is expressed as micromoles per gram of coal; note the 
significant difference in scale.     
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Characterization of microbial communities in Figure 2.2 included a category of 

organisms that made up less than one percent of the total relative abundance.  In 

Figure 2.3 the detailed classifications together with the number of observed species in 

this category are displayed by sample. Overall, the microbial groups are similar to those 

in Figure 2.2.  Although similar phyla and subphyla classifications are used, including 

Proteobacteria (Gamma, Delta, Beta and Alpha), Firmicutes, Bacteroidetes and 

methanogens, the specific genera present in each of these classification categories are 

different; examples of these differences are provided in Table 2.5.  For example, the γ-

Proteobacteria in Figure 2.2 consisted of genera Pseudomonas and Halomonas, while 

the less than 1% relative abundance γ-Proteobacteria category consisted of genera 

Perlucidibaca, Arenimonas, Aeromonas, Methylomonas, Aquimonas and 

Thermomonas.  The scale for relative abundance in Figure 2.3 is very small, so the 

variation of each phylogenetic category between samples is fairly insignificant.  

Examination of the overall abundance, or the observed species, comprising the less 

than 1% category reveals variation between samples.  All samples have between 107 

and 141 observed species, except for samples 1, 2, O-1, O-2, L2 and L3.  These 

samples have significantly lower numbers of species, ranging from 25 to 55 observed 

species.  The phylogenetic categories presented in Figure 2.3 were evaluated for 

correlation to methane and only the Spirochaetes had an R2 greater than 0.3 (R2 = 

0.504).  Based on the Pearson correlation significance test, the critical value for this 

correlation was 2.33; the correlation based on the eighteen samples analyzed was 

significant at α = 0.05 (tcalc 2.33 > ttable 2.11).   

The type, abundance and diversity of methanogens were also analyzed for each 

sample as displayed in Figure 2.4.  Methanosarcina dominated the overall population of 

methanogens, with the greatest relative abundance in samples 3a, 3b, 5a, 5b, O-1 and 

O-2.  Methanobacteriaceae (uncultured genus) also had a small peak for samples 5b, 

O-1 and O-2 and a large peak for samples S1 and S2-1.  Samples L1, L2 and L3 are 

not included in Figure 2.4, as they had no identified methanogens (0% relative 

abundance at >1% and <1% relative abundance groupings). 
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Figure 2.3.  Relative abundance of organisms comprising less than one percent of the 
total relative abundance.  Column chart data (relative abundance) correspond to the 
primary vertical axis (on left).  Red circles (observed species) correspond to the 
secondary vertical axis (on right).   
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Table 2.5.  Phylogenetic classification differences between total relative abundance and 
less than one percent relative abundance.  Organism classifications represented are at 
the genus level unless otherwise noted.  Phylum is represented by a “P” in parentheses 
while family is represented by an “F” in parentheses.  Bold lettering indicates a 
phylogenetic category used in Figure 2.2. 
 
 Methanogens Deltaproteobacteria Gammaproteobacteria Firmicutes 

Greater 

than 1% 
Relative 

Abundance 

Methanosarcina 

Methanobacteriaceae 

(F) 

Pelobacter 

Geobacter 
Desulfovibrio 

Desulfuromonas 

Desulfobulbus 

Desulfomicrobium 

Syntrophus 

Geoalkalibacter 

Desulfocapsa 

Pseudomonas  

Uncultured 

Halomonas 

Clostridia (P) 

Uncultured 

Desulfosporosinus 

Desulfispora 

Dehalobacter 

Thermincola 

Desulfitibacter 

Acidaminobacter  

Less than 

1% Relative 

Abundance 

Methanobacterium 

Methanomethylovorans 

Methanospirillum 

Methanolobus 

Methanothermococcus 

Methanoculleus 

Methanosaeta 

Methermicoccus 

Methanoregula 

 

Desulfarculus 

Geothermobacter 

Desulforhabdus 

Phaselicystis 

 

Enteric Bacteria Cluster 

(F) 

Perlucidibaca 

Arenimonas 

Aeromonas 

Methylomonas 

Aquimonas 

Thermomonas 

Asteroleplasma 

Anaerovorax 

Desulfurispora 

Fastidiosipila 

Thermosinus 

Ruminococcus 

Syntrophomonas 

Erysipelothrix 

Alicyclobaciullus 

Clostridium 
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Figure 2.4.  Methanogen diversity.  Genera are presented on the Z-axis.  “Unclassified” 
represents the inability of the utilized algorithm to classify an OTU to the genus level 
based on the reference database implemented. The red “unclassified” category 
represents sequences that were classified as belonging to the Methanobacteriaceae 
family but were not classified at the genus level.  The purple “unclassified” category 
represents sequences that were classified as belonging to the Methanocalculus family 
but were not classified at the genus level.  

Methanobacterium 
Unclassified 

Methanothermococcus 
Unclassified 

Methanoregula 
Methanocalculus 

Methanoculleus 
Methanospirillum 

Methanosaeta Methanolobus Methanomethylovorans Methermicoccus Methanosarcina 

0 

1 

2 

3 

4 

5 

6 

7 

8 

1 2 

3a
 

3b
 

4a
 

4b
 

5a
 

5b
 

O
-1

 

O
-2

 

S
1 

S
2-

1 

S
2-

2 

S
3-

1 

S
3-

2 

P
er

ce
nt

 R
el

at
iv

e 
A

bu
nd

an
ce

 

Sample ID 



 

 37 

2.4.3:  Organism Quantification 

Figure 2.5 displays qPCR results for the PRB enrichment, sulfate experiment and 

lignite enrichment microcosms, respectively.  Microcosms 4a and 4b produced the 

highest methane and interestingly, the mcrA and dsrA copy numbers are all the same 

order of magnitude (1.60x108 mcrA and 1.29x108 dsrA; 2.41x108 mcrA and 1.67x108 

dsrA for samples 4a and 4b, respectively).  However, similar mcrA copy numbers but 

lower dsrA copy numbers were associated with lower methane production in 3a, 3b, 5a, 

5b, O-1 and O-2. 

 Microcosms S2-1 and S3-1 both produced the least methane of microcosms in 

the sulfate experiments, as shown in Panel B.  Their respective fhs copy numbers are 

both below 104/mL, potentially having a role in this result.  S2-1 and S3-1 do not uphold 

the trend from Panel A because each have dsrA and mcrA copy numbers of the same 

order of magnitude but did not produce appreciable amounts of methane; however, the 

mcrA copy number is generally significantly lower (3.85x105 to 2.25x106 with sample S1 

at 2.49x108) than the ranges found in Panel A samples (1.18x107 to 1.23x109).  The 

greatest methane production in the sulfate microcosms was from S3-2, in which all 

three genes had copy numbers between 105/mL and 106/mL.   

 The lignite enrichment microcosms shown in Panel C did not produce significant 

amounts of methane, but had copy numbers for all three genes that were orders of 

magnitude smaller than samples in Panel A or B.  These samples follow the same trend 

as observed in Panel B, with limited methane production in microcosms with fhs copy 

numbers below 104/mL.  Copy number values of mcrA for all three samples were in the 

106/mL range and dsrA values were an order of magnitude smaller (105/mL).   

In addition to organism quantification via qPCR, correlations between copy 

numbers and methane production were evaluated.  Each individual gene copy number 

(log value) was plotted versus methane to determine if a threshold for methane 

production was evident (Figure 2.6).  The sum of the log copy numbers (mcrA, dsrA, 

fhs) for each sample was also plotted versus methane production (Figure 2.6).  The 

threshold for methane production with respect to mcrA copy number was around 107 

copies/mL.  The dsrA copy number threshold was 106 copies/mL, while the fhs 
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threshold was 105 copies/mL.  A log copy number sum of 20 defined a clear threshold 

for significant methane production versus little or no methane production.   

 

 

Figure 2.5.  Quantification of functional genes using qPCR. Methane is displayed on the 
secondary (right) vertical axis using black dots and is expressed as micromoles per 
gram of coal; note the different orders of magnitude for the methane axes.  

Based on energetics and stoichiometry, methanogen cell densities were 

estimated.  The e- mole of substrate oxidized per e- mole of substrate used is 

represented by fe, while fs is the e- mole of substrate used for cell synthesis per e- mole 

of substrate utilized.  The calculated values for fe and fs were 0.96 and 0.04, 

respectively, for H2/CO2 and 0.99 and 0.01, respectively, for acetate.  The resulting cell 

densities ranged from 8.36x10-16 to 1.21x10-13 g/cell using the hydrogenotrophic 

pathway and from 1.84x10-16 to 1.22x10-13 g/cell using the acetoclastic pathway.   
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Figure 2.6.  Log copy number values versus methane production.  Each gene (mcrA, 
dsrA and fhs) is represented in an individual Panel and the sum of all three genes (i.e., 
sum of log copy number per mL for each sample) is displayed in the “Sum” Panel 
(upper left).  

2.4.4:  Diversity  

Figure 2.7 displays the effective number of species for each sample based on 

three different indices, as well as the methane produced for each microcosm.  The 

effective number of species is a different measure than the observed number of species 

as presented in Figure 2.3.  In Figure 2.3, the observed number of species was counted 
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manually based on OTUs that comprised less than one percent of the total relative 

abundance.  In this research “species” are operational taxonomic units (OTUs), which 

are clusters of sequences that are grouped based on a defined similarity level (97% in 

this study).  Diversity of order 0 (q0), as measured by species richness, is more strongly 

weighted towards rare species and is represented by purple in Figure 2.7.  Diversity of 

order 1 (q1), as measured by Shannon entropy, is evenly weighted based on presence 

and abundance and is represented by green.  Diversity of order 2 (q2), as measured by 

the Gini-Simpson index, is more strongly weighted towards common species and is 

represented by blue.   

 In Panel A the q2 values are fairly consistent in value and are lower than the q1 

and q0 values for all PRB enrichment samples except 1 and O-1.  Values of q1, which 

are evenly weighted, vary across samples in Panel A, with the greatest values for 

samples 1 and O-1.  Even between replicates (e.g., 3a/3b, 4a/4b, 5a/5b) there is 

considerable variation (Table 2.6).  For example, the q1 value is nearly four-fold smaller 

in 3a (q1=5.62) than 3b (q1=21.46).  The q0 values demonstrate significant variation as 

well between different samples, but with more consistency within replicates.  

Significance testing was performed to evaluate whether the diversity values were 

significantly different for biological replicates (e.g., 3a vs. 3b) as well as starting and 

ending time points (e.g., O-1 vs. O-2).  The sum of q0, q1 and q2 was taken for each 

sample and a student’s t-test was performed to assess significance.  All analyses were 

not significantly different (p-values from 0.47 to 0.95, n = 3, α = 0.05).   

Panel B of Figure 2.7 shows the sulfate samples, which did not produce 

significant amounts of methane but display effective numbers of species in a similar 

range as Panel A samples.  In this case, all q2 values are the lowest, all q1 values are 

in the middle and all q0 values are the highest for each sample.  The diversity metrics 

varied somewhat between time points for samples S2 and S3, but based on the 

variation between replicates observed in Panel A, these changes are likely not 

meaningful.  Furthermore, t-test analysis was performed combining q0, q1 and q2 for 

the sulfate samples and evaluated to establish statistical significance.  Based on t-test 

analysis, the differences in diversity metrics are not significant (p-value for S2-1 and S2-

2 was 0.449 and for S3-1 and S3-2 was 0.299, n = 3, α = 0.05).   
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Table 2.6.  Diversity variation between biological replicates.  Numbers presented are the 
percent difference between replicates for each order of diversity.  Percent difference 
was defined as the absolute value of the difference between the two values divided by 
the average of the two values multiplied by 100. 

Replicate samples q0 q1 q2 

3a/3b 7.6 117.0 70.8 

4a/4b 20.4 57.2 63.2 

5a/5b 14.5 43.2 35.1 

 

The lignite enrichments are presented in Panel C of Figure 2.7. These samples 

also displayed effective numbers of species in the same range as Panel A samples.  

The effective numbers for q0, q1 and q2 were all fairly consistent between samples.  

The percent difference between L1, L2 and L3 values of q0, q1 and q2 were all within 

the range of variation calculated between biological replicates, except for q0 values.  

The percent difference between L1 and L2 was 28.9% and between L1 and L3 was 

34.4%, which were outside the range of difference seen for biological replicates., 

However, these samples were not significantly different from each other, based on t-test 

analysis of the sum of q0, q1 and q2 for each sample (p-values 0.31 to 0.78, n = 3, α = 

0.05) 

 Statistical significance was also evaluated based on microcosm productivity.  

Samples were divided into productive (1, 2, 3a, 3b, 4a, 4b, 5a, 5b, O-1 and O-2) and 

unproductive (S1, S2-1, S2-2, S3-1, S3-2, L1, L2, L3) groups.  Comparisons were made 

between sample groups based on each diversity order separately as well as summed 

(e.g., q0 only, q1 only, q2 only and summed values).  Again, all comparisons were not 

significant at the α = 0.05 level (n = 8 to 24 vs. 10 to 30; p-values 0.19 to 0.71).    
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Figure 2.7.  Effective number of species.  Diversity of order 0 (q0) is represented by 
purple columns and is always found on the secondary axis.  Diversity of order 1 (q1) is 
represented by green columns and order 2 (q2) is represented by blue columns; these 
two measures are always found on the primary axis. Methane values are represented 
by black circle markers and are presented on the secondary axis in Panel A and the 
primary axis in Panel B and C.  Methane values are in micromoles per gram of coal and 
diversity measures are in effective number of species.   

 



 

 43 

In addition to alpha diversity, beta diversity was used to compare microbial 

communities.  Beta diversity is a measure of the phylogenetic relatedness between 

each pair of samples, as calculated in this study using weighted UniFrac. The scale 

displayed on the left-hand side of Figure 2.8 ranges from white (0; unrelated) to green 

(1; strongly related).  Not surprisingly, biological replicates and within-experiment 

samples are the most similar to each other (e.g., O-1 is most similar to O-2; L1, L2 and 

L3 are most similar to each other).  The sulfate samples did not follow this trend 

however, as S2-1 is not very similar to S2-2 and S3-1 is not very similar to S3-2.  

Sample S2-1 and S3-1 (the two starting time points) are more similar to each other than 

to their corresponding later time points and S2-2 and S3-2 are also more similar to each 

other than their respective starting time points.  The starting time points for the sulfate 

experiments (S2-1 and S3-1) were also very similar to samples L1, L2 and L3, yet S2-2 

and S3-2 are similar to samples O-1 and O-2 as well as samples 1 through 5b.  

Enrichment culture samples ranged in similarity but overall were clearly related.  For 

example, samples 1 and 2 were highly similar to each other.  Additionally, 3a and b 

were similar to 5a and b.  

2.5:  Discussion 

 In this study, significant methane production was demonstrated in 10 out of 18 

coal microcosms.  Microbial community structures were different between productive 

and unproductive microcosms and important organisms and threshold copy number 

values for methane production were identified.  The context and implications of the 

results are discussed in the following sections. 

2.5.1:  Methane Production 

 In this study, the PRB enrichments produced appreciable amounts of methane 

from coal as a sole carbon source (Figure 2.1).  The PRB is known to have large 

amounts of biogenic methane (De Bruin et al. 2000; Faiz and Hendry 2006; Flores et al. 

2008) and several studies have demonstrated the ability to produce methane from coal 

originating from this basin using native microbial populations (Green et al. 2008; Harris 
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et al. 2008) as well as external cultures (Jones et al. 2008).  Therefore, it is not 

surprising that the PRB enrichments were able to produce methane from coal at 

significant levels.   

 

Figure 2.8.  Beta diversity heatmap based on weighted UniFrac.  Level of similarity, 
based on calculated UniFrac metric, is expressed in colors.  The similarity range on the 
left-hand side of the figure extends from white (completely unrelated) to bright green 
(very highly related).  The mirror half of the heatmap is not included for clarity. 

 Conversely, limited methane was produced in the sulfate experiments.  Although 

the sulfate experiments also used coal from the PRB, this coal originated in a different 

well location and had remained in storage for a significantly longer time than the coal 
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used in the PRB enrichments (32 months compared to the last PRB enrichment 

microcosms, 5a and 5b, which were set up using coal that had been stored for 12 

months).  Additionally, the sulfate experiment microcosms were inoculated with a 

distinct enrichment culture that originated from this same well.  

 The lignite enrichment microcosms also did not produce significant amounts of 

methane.  Microbial characterization has been performed at other sites within the Ordos 

basin (Dai et al. 2005; Guo et al. 2012a, 2012b; Tang et al. 2012); however, methane 

production potential was only demonstrated in one instance that evaluated coal-

associated water supplemented with methanol (Guo et al. 2012b).  Additionally, the 

sample types utilized in these studies differed.  Guo et al. (2012a) analyzed produced 

water and gas, Guo et al. (2012b) used produced waters and bituminous coal, while 

Tang et al. (2012) used “meager lean coal” and brown coal.  In this study, coal of lignite 

rank was used.  Additional differences include collection methods, coal types (e.g., 

cuttings or core) and coal storage and transportation conditions.  These all have the 

potential to affect the methane production potential (Gallagher et al. 2013).   

 The results of the methane production test demonstrate the great variability in the 

ability of native microorganisms to produce methane from coal.  Factors such as coal 

rank, basin of origin, coal treatment prior to incubation, incubation conditions, coal age 

and the microbial community all may affect methane generation.  Therefore, it is 

important to evaluate each coal microbial community due to inherent variation in the 

substrate and the microbial populations.   

2.5.2:  Phylogeny 

 All microcosms in Figure 2.2 Panel A had a significant relative abundance of 

Pelobacter.  Beckmann et al. (2011) also found Pelobacter in their study, in which they 

provided stable-isotope-labeled methane precursors to liquid cultures enriched from 

hard coal and mine timber originating from a coal mine in Germany.  Pelobacter were 

identified based on their utilization of H2 and 13C-labeled CO2, with subsequent DGGE 

analysis.  Pelobacter are fermentative bacteria that are suggested to have developed 

their fermentation abilities as a secondary evolutionary event that separates them from 
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the first fermentative bacteria (Stackebrandt et al. 1989).  They have not demonstrated 

the ability to ferment sugars but are able to degrade compounds such as 2,3-butanediol 

(Schink 1984), hydroxyhydroquinone (Schnell et al. 1991) and polyethylene glycol 

(Frings et al. 1992), all compounds with similarities to compounds found in coal 

systems.  Pelobacter were also highly correlated to methane production for the 

microcosms in this study, supporting their importance to the system.   

 Genus Geobacter was also consistently identified in the Panel A samples.  It 

appears to be beneficial to methane production at some critical level, but greater 

relative abundance does not further promote methane production, as seen in 

microcosms O-1 and O-2, which both have around 80% relative abundance of 

Geobacter.  Jones et al. (2010) analyzed both a nutrient-stimulated native, coal-

associated microbial community and a bioaugmented coal microbial community and 

found that Geobacter dominated the bioaugmented community.  The bioaugmented 

microcosms produced more methane (100 µmoles CH4/g coal) than the nutrient-

stimulated community microcosms (60 µmoles CH4/g coal).  Geobacter copy number 

peaked at day 39 of the incubation (1.2 x 105 copies/mL) then declined over time.  

Geobacter was also identified in a study by Beckmann et al. (2011), which examined 

hard coal and mine timber from a German coal mine.  This study used stable-isotope-

labeled methane precursors in incubated liquid cultures followed by qPCR and DGGE 

analysis and found that Geobacter were enriched in the incubations, particularly those 

that were amended with [13C]acetate (Beckmann et al. 2011).  Midgley et al. (2010) also 

found organisms of the family Geobacteriaceae, using  amplified ribosomal DNA 

restriction analysis (ARDRA) of coal from the Gippsland Basin in Australia.  The 

cultured representative organisms of this family are known to exclusively utilize ferric 

iron as a terminal electron acceptor (Midgley et al. 2010).  This family has also been 

identified in coal basins in Canada (Penner et al. 2010) and Japan (Shimizu et al. 2007).   

 Delta-Proteobacteria (other than Pelobacter and Geobacter genera) were also 

found in significant abundance within the productive microcosms shown in Panel A.  

More specifically, microcosms 4a and 4b had the greatest relative abundance of this 

category and also had the greatest methane production.  Microorganisms identified 

within this phylum included the genera Desulfovibrio, Desulfuromonas, Desulfobulbus, 



 

 47 

Desulfomicrobium, Syntrophus, Desulfocapsa and Geoalkalibacter.  Microbes of this 

phylum are commonly found in coalbed systems.  Midgley et al. (2010) found organisms 

from the family Desulfomicrobiaceae, Desulfuromonaceae and Desulfovibrionaceae in 

produced water samples from the Gippsland Basin.  This culture was used to inoculate 

brown coal from the Port Phillip Basin; this culture was not able to generate methane 

from coal as the sole carbon source but was able to produce methane from yeast 

extract.  Methodological differences may have played a role in observed differences in 

results.  In the study carried out by Midgley et al. (2010), the coal was gamma sterilized 

and only 0.25 grams were added to each microcosm.  In the present study the coal was 

not sterilized and 5 to 10 grams of coal were used in each microcosm.  Additionally, the 

coal and inoculum in the Midgley et al. study (2010) originated from different basins and 

therefore may not provide the “optimal” microbial community to generate methane.  In 

this study the coal and inoculum originated in the same basin for all microcosms except 

the lignite enrichments which were not inoculated.  

The remaining microcosms did not produce appreciable amounts of methane (all 

2.72 or less µmoles CH4/g coal).  Several microbial groups stood out among these 

samples.  Bacteroidetes accounted for a large fraction of the microbial communities of 

samples S2-1, S3-1, L1, L2 and L3.  The lignite enrichments were also highly populated 

by Clostridia.  Gallagher et al. (2013) found that coal oxidation resulted in increased 

levels of Clostridia and Bacteroidetes and less methane production than in un-oxidized 

experimental counterparts, suggesting that the phyla Clostridia and Bacteroidetes were 

not effective microbial community members with respect to methanogenesis from coal.   

Microcosm L3 had a relative abundance of 28% Actinobacteria.  Actinobacteria 

have been identified previously in produced water and coal from Australia (Li et al. 

2008; Midgley et al. 2010), coal from Canada (Penner et al. 2010) and two types of coal 

from China (Tang et al. 2012).  Penner et al. (2010) isolated Actinobacteria genus 

Arthrobacter from Canadian coal samples.  This coal was never incubated to evaluate 

its potential to produce methane; however, the coal originated from a seam known to 

produce methane.  Similarly, Tang et al. (2012) found that Actinobacteria were a 

dominant lineage in methane-producing, low-rank coal from the Ordos Basin of China.  

The two Australian studies (Li et al. 2008; Midgley et al. 2010) were also microbial 
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surveys that identified Actinobacteria.  Midgley et al. (2010) examined the ability of a 

produced water sample to generate methane using a modified MSY medium (containing 

exogenous carbon sources), then evaluated the ability of that enrichment culture to 

produce methane from coal.  Although the culture was able to produce methane from 

MSY medium, the culture was not able to produce methane with coal as the sole carbon 

source.  Li et al. (2008) characterized the microbial communities associated with 

formation water from the Sydney and Surat basins, as well as coal from the Sydney and 

Port Phillip basins.  Although they did not evaluate methane production ability ex-situ, 

these basins are known to have a significant amount of biogenic methane, based on 

isotopic analysis (Li et al. 2008).   

The communities of the productive microcosms of Panel A and the unproductive 

microcosms of Panel B and C have some clear differences.  The absence of the genus 

Pelobacter in the unproductive microcosms suggests that these organisms may play an 

important role in methane production.  Additionally, the lack of methanogens (above 1% 

total relative abundance) may also be a factor in the low methane production; however, 

sample S1 contained a relative abundance of methanogens of 9% yet only produced 1 

µmole of methane per gram of coal.  Microcosm S1 had an mcrA copy number of 

2.49x108 copies/mL, while the most productive microcosms (4a and 4b) had similar 

copy numbers (1.60x108 and 2.41x108 mcrA copies/mL, respectively).  The relative 

abundance of methanogens for these two productive microcosms was 0.6% for 4a and 

1% for 4b.  This supports the hypothesis that the community composition requirements 

are complex and require not only the presence of the critical number of methanogens, 

but also the necessary bacterial metabolic diversity to degrade the coal macromolecules 

to provide the necessary substrates to methanogens.   

Methanogens are the only known critical microbial component of this system.  

Without these organisms, methane production from coal would not ensue.  Therefore, 

understanding the diversity of this population in productive and unproductive 

incubations is important.  Overall, four orders of methanogens were identified: 

Methanobacteriales, Methanococcales, Methanomicrobiales and Methanosarcinales.  

Genera within the Methanobacteriales order included Methanobacterium and other 

uncultured organisms.  Methanothermococcus was the one genus identified within the 
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Methanococcales order.  The Methanomicrobiales order included Methanoregula, 

Methanocalculus, Methanoculleus and Methanospirillum.  Finally, order 

Methanosarcinales contained five genera: Methanosaeta, Methanolobus, 

Methanomethylovorans, Methanosarcina and Methermicoccus. The methanogens 

identified in this study are all known to be associated with coal systems and have been 

previously identified in basins around the world (Gallagher et al. 2013; Green et al. 

2008; Guo et al. 2012a; Jones et al. 2010; Klein et al. 2008; Midgley et al. 2010; Penner 

et al. 2010; Shimizu et al. 2007; Strąpoć et al. 2008; Tang et al. 2012; Wawrick et al. 

2011).   

The two dominant methanogen genera are Methanosarcina and an uncultured 

genus in the Methanobacteriaceae family (Figure 2.4).  The productive microcosms 

(samples 1 through O-2) are dominated by Methanosarcina, which are the most 

metabolically versatile methanogens, with species able to utilize hydrogen and carbon 

dioxide, methyl compounds (e.g., methanol, methylamines) and acetate (Garcia et al. 

2000).  In closed-system microcosms with limited substrate availability, metabolically 

diverse methanogens are favored because they are able to metabolize a variety of 

substrates.  Methanosarcina have been identified in several CBM studies.  Jones et al. 

(2010) set up incubations with unproductive coal (Gulf Coast basin, Texas) and nutrient 

amendments that produced 60 µmoles CH4/g coal after approximately 90 days.  This 

community was dominated by sequences closely related to Methanosarcina barkeri.  

Similarly, Green et al. (2008) used formation water (Fort Union formation, PRB) to 

inoculate Wyodak coal (PRB), which produced 0.084 m3/ton coal/day, with the addition 

of yeast extract.  Two phylotypes identified in this community were both closely related 

to Methanosarcina mazei.  Penner et al. (2010) analyzed enrichment cultures derived 

from coal (Alberta coal beds) whose microbial communities were dominated by 

sequences closely related to Methanosarcina spp.  These incubations produced 

between 22 and 67 µmoles CH4/g coal.  Beckmann et al. (2011) identified 

Methanosarcina barkeri as an active member of the methane-producing community of 

coal and coal timber incubations from a German mine, as identified using stable isotope 

labeling of methane precursors.   
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Family Methanobacteriaceae (unclassified) occurs in samples O-1 (1.5% relative 

abundance), O-2 (1.0% relative abundance) and S1 (7.4% relative abundance).  These 

methanogens are hydrogenotrophic, i.e. utilize only hydrogen and carbon dioxide to 

generate methane (Garcia et al. 2000).  Because the methanogenic populations are 

largely hydrogenotrophic, competition for hydrogen or a lack of carbon dioxide could be 

the cause of the reduced methane production.  Organisms within the 

Methanobacteriaceae family have been identified in other CBM studies as well.  Upon 

examination of a microbial community in formation water from the Gippsland basin 

(Australia), Midgley et al. (2010) found only one archaeal sequence, which was a 

Methanobacterium sp.  Similar to this study, the Gippsland community did not produce 

appreciable amounts of methane from coal as a carbon source.  Klein et al. (2008) 

found several species from the same family, including Methanobacterium sp. and 

Methanobrevibacter arboriphilus from two different formation water samples and 

Methanobrevibacter thermoaggregans from coal samples.  While these samples were 

not evaluated for their potential to generate methane ex-situ, they originated from the 

PRB, which is known to have biogenic CBM activity.   

 Due to the small relative abundance of organisms comprising less than 1% of the 

total relative abundance in Figure 2.3, it is hard to deduce any trends; however, the 

number of observed species within the less than one percent category are quite 

different between some samples.  Additionally, the less than 1% relative abundance 

Spirochaetes category was correlated to methane production.  Spirochaetes have been 

previously identified in coal systems (Gallagher et al. 2013) and recognized as 

organisms with the ability to degrade the complex macromolecular structure of coal 

(Strąpoć et al. 2008).  They also have the metabolic ability to utilize substrates such as 

sugars and amino acids to produce acetate (Breznak 2002), a common product in coal 

systems.     

2.5.3: Organism Quantification 

 The sample replicates that had the greatest methane production (4a and 4b) had 

fairly even copy numbers of mcrA and dsrA, supporting the co-occurrence of 
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methanogens and sulfate-reducers (Figure 2.5).  This evenness is not present in any 

other samples of the productive microcosms; however, it is not necessarily the key to 

significant methane production.  For example, samples S2-1, S3-1 and L3 also had 

fairly even copy numbers of mcrA and dsrA, but did not produce appreciable amounts of 

methane.  These samples, however, had lower copy numbers for all three genes as 

compared to samples 4a and 4b.  This supports the identified copy number thresholds 

for methane production (Figure 2.6).  What appears to be important to methane 

production is reaching a critical threshold of methanogens, sulfate reducers and 

acetogens. 

Enumeration of genes via qPCR does not indicate which specific organisms 

harboring those genes are present.  As such, samples 4a and 4b may be made up of 

the “optimal” sulfate-reducer population, with the required metabolic activities to 

produce methane precursors.  Based on sequencing, samples 4a and 4b had significant 

relative abundances of “other” δ-Proteobacteria as compared to the other productive 

microcosm samples in this study.  The genera identified in this phylogenetic category for 

these samples included Desulfomicrobium, Desulfovibrio and Desulfuromonas (Figure 

2.2).  These organisms have previously been identified in coal-associated microbial 

communities around the world (Midgley et al. 2010; Shimizu et al. 2007) and have 

demonstrated the ability to degrade a variety of organic molecules that are 

representative of coal degradation products, such as short-chain fatty acids (formate, 

proprionate, acetate), long-chain fatty acids and aromatics (phenol, benzoate, 

dibenzothiophene) (Kim et al. 1990; Meyzer and Stams 2008). No other microcosms 

had Desulfomicrobium and only microcosms 1, 2 and S2-2 had Desulfovibrio.  Samples 

4a and 4b had high relative abundances of Desulfuromonas (29.8% and 23.6%, 

respectively).  The only other samples with Desulfuromonas were 3a, 3b, 5a and 5b, 

which produced less methane than 4a and 4b, but still significant amounts (all just under 

150 µmoles/g coal).  Although these samples had Desulfuromonas, its relative 

abundance was much lower (1.0-2.8%) in these samples than in 4a and 4b.  

Additionally, samples S2-2 and S3-2 have significant relative abundance of “other” δ-

Proteobacteria (25.4 and 19.3%, respectively), but do not contain Desulfomicrobium, 

Desulfovibrio or Desulfuromonas.  Samples L1, L2 and L3 also do not have these 
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organisms and produced negligible amounts (if any) of methane.  These results suggest 

that Desulfuromonas (and potentially Desulfovibrio and Desulfomicrobium) may play an 

important role in the production of methane in this system.   

 All of the productive microcosms had at least 106 copies/mL of dsrA, which was 

identified as a threshold for methane production.  All of the unproductive microcosms 

except for S1 and S2-2 had less than 106 copies/mL of dsrA.  Sample S2-2 had 

5.51x105 copies/mL of mcrA, which was less than the determined threshold for methane 

production, potentially explaining its lack of methane production.  Sample S1, however, 

had copy numbers all above the identified thresholds, but very limited methane 

production (1 µmole/g coal).  With respect to mcrA it appears that some optimal 

community (based on number or organism type) is required, but that once that threshold 

population is established the variation in abundance does not impact methane 

production.  The results presented in Figure 2.6 show a threshold value of mcrA for 

significant methane production of 107 copies/mL.  

 The threshold for acetogens may actually fall somewhere between 105 copies/mL 

and 104 copies/mL, as no samples fell within that range (Figure 2.6).  Although the role 

of these organisms in coal systems is unknown, acetogens are metabolically versatile 

organisms that are known to degrade reduced organic metabolites further to formate, 

hydrogen and acetate in other methanogenic systems (de Bok et al. 2003).  These 

products can then be converted to methane by methanogens.  If acetogenic organisms 

are not well established, there is the potential for a bottleneck, where reduced 

compounds are not degraded further to provide methanogens the necessary precursors 

for methane production.  To our knowledge, this is the first coal-associated community 

analyzed for fhs copy number.  

 Figure 2.6 shows a threshold value of approximately 20 for the sum of the log 

copy numbers for mcrA, dsrA and fhs for each productive sample.  Additionally, the 

established threshold values for mcrA, dsrA and fhs were demonstrated as individual 

genes.  Based on these findings, methanogens are necessary at the greatest 

abundance (107 copies/mL), followed by sulfate reducers (106 copies/mL) and 

acetogens (105 copies/mL).  Jones et al. (2010) observed methanogenesis at lower 

copy numbers.  Methanogens were enumerated at 3x105 copies/mL in microcosms that 
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produced around 80 µmoles CH4/g coal.  Also, sulfate reducers were observed at 8x103 

copies/mL, lower than the threshold values identified in this study.  Wei et al. (2013) 

evaluated coal and mine water samples from a coal mine in Central China and found 

that methanogen prevalence in the coal and water samples was around 105 cells/mL 

based on qPCR analysis.  Methane was not directly measured in the Chinese study, but 

methane gas was measured in the mine itself as samples were collected.  Although 

observations from these two studies are not consistent with the threshold values from 

this study, experimental differences could explain the variation.  Jones et al. (2010) and 

Wei et al. (2013) used different primer sets to enumerate methanogens and sulfate 

reducers.  Again, the coal (and water) used was from different basins.  Jones et al. 

(2010) evaluated communities that generated methane from an unproductive coal that 

was inoculated with an established culture (WBC-2) that did not originate from coal, 

unlike this study that relied on native coal communities.  The necessity of functional 

microbial groups at some critical mass is understood, but quantification of this number 

has not been attempted for coal systems.  Although more research is needed to validate 

this finding, it has the potential to be used as a diagnostic tool for CBM production. 

 The enumeration of organisms in this study has provided insightful information 

with respect to critical numbers of organisms; however, it should be noted that 

enumeration of genes does not indicate live or active cells.  The qPCR method is 

inherently biased because it does not differentiate between live/active cells and 

dead/inactive cells, which must be considered when interpreting results.  Despite this, 

the cell densities calculated for methanogens in this study are consistent with those 

reported in the literature.  Spear et al. (2000) found a cell density of 0.148 mg 

cell/1.5x109 cells (9.87x10-13 g/cell) for sulfate-reducing bacteria.  Rohde and Price 

(2007) found a cell mass of 38 fg/cell (3.8x10-14 g/cell) for methanogens within ice cores 

based on SEM micrograph analysis.  Additionally, a cell mass of 0.119 pg dry 

weight/cell (1.19x10-13 g/cell) was determined for a co-culture of Methanospirillum 

hungatei and Syntrophobacter fumaroxidans based on batch and chemostat 

experiments (Scholten and Conrad 2000).  These results suggest that the mcrA copy 

numbers measured in this study are reasonable, therefore validating our findings. 
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2.5.4:  Diversity 

 With respect to sample diversity (alpha diversity), replicates varied significantly, 

suggesting that the differences in diversity between experimental samples are not 

significant (Figure 2.7).  The effective numbers of species for all samples in this study, 

both productive and unproductive, are similar, suggesting that diversity metrics alone 

are not a useful predictor of methanogenesis.  Tang et al. (2012) examined alpha 

diversity of two coal samples from the Ordos Basin of China.  Brown coal from ~40m 

depth displayed greater bacterial diversity than a meager lean coal from ~650m depth 

(107 OTUs vs. 48 OTUs, respectively).  Only the brown coal had an archaeal 

population, with 7 OTUs identified.  In this study the observed OTU counts are 

significantly higher; however, coal incubations with enrichment cultures were examined 

in this study, while Tang et al. (2012) examined DNA from raw coal.  Tang et al. (2012) 

measured diversity of Ordos Basin coals, but not methane production; however, the 

Ordos Basin lignite evaluated in this study did not produce appreciable amounts of 

methane.  Therefore, based on the results of this study, diversity metrics alone do not 

provide a basis to predict methane potential. 

 Several trends were present in the beta diversity analysis of samples: biological 

replicates, as well as samples with similar incubation times and coal characteristics, 

were most similar.  In Figure 2.8, biological replicates (3a and 3b, 4a and 4b, 5a and 5b) 

are all highly similar to each other.  In addition, samples S2-1 and S3-1 are highly 

similar to each other.  These two samples are essentially replicates, both set up and 

measured at the same time.  The only difference is that molybdate was added to S3-1 

to inhibit sulfate-reducing bacteria; because these samples were analyzed at t = 0 it is 

likely that the molybdate had not affected S3-1, resulting in very similar communities.  

Additionally, S2-2 and S3-2 are similar to each other, supporting that molybdate did not 

significantly impact microbial communities.    

Variation in microbial community structure based on coal characteristics is more 

complex to interpret.  Obvious differences such as rank and origin, but also more 

nuanced differences like coal handling and storage time prior to incubation, may affect 

the coal chemistry.  Samples 1 and 2 are highly similar to each other (>75% similarity) 

and all of the remaining PRB enrichments (3a– 5b) are fairly similar to each other as 
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well (>60% similarity).  This is expected because they all used coal of the same origin 

and are temporally closer to each other than to other samples.  As coal and microbial 

communities can change over time, samples close together temporally may have 

communities more similar to each other than to those after extended periods of storage 

and incubation.  The lignite samples confound all of the other relations, as they are 

highly similar to S2-1 and S3-1, yet they are temporally separated, of a different coal 

rank, were handled differently prior to incubation and are from a different origin basin.  It 

is clear that drawing conclusions about complex microbial systems like this is 

challenging; however, the relationships identified in this study can serve as a foundation 

to build upon with further research of greater sample sizes.    

These analyses evaluate phylogenetic diversity, which is the diversity of the 

organisms identified in the system.  The DNA-based analyses in this chapter do not, 

however, evaluate metabolic diversity, which is the diversity of metabolic functions 

within a community.  For example, identification of sulfate-reducing microorganisms in 

this system does not indicate that these organisms are carrying out that process; further 

research would be necessary to establish such conclusions.  Although phylogentic 

diversity was not a good indicator of methane potential in this study, the utility of 

metabolic diversity as a measure of methane potential remains to be investigated.    

2.6:  Summary and Conclusions 

 In this study, some of the native microbial communities evaluated demonstrated 

the ability to produce methane by utilizing coal as a sole carbon source.  For those 

communities that did not produce appreciable methane, a definitive explanation was not 

identified.  Coal characteristics, origin, storage and pre-treatment, microbial community 

structure, and incubation time are just a few of the factors that may affect methane 

generation.  Phylogenetic and quantification results demonstrate that the microbial 

community requirements are complex, not only relying on a critical level of 

methanogens, but also a syntrophic bacterial community.  Pelobacter was strongly 

correlated to methane production, supporting its involvement in methane production.  

Productive microcosms in this study also had methanogenic populations that were 
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dominated by Methanosarcina, a group of metabolically versatile methanogens. 

Methanogens, sulfate-reducers and acetogens all seemed to reach a critical level above 

which variations did not result in methane generation differences; however, thresholds 

of 107 copies/mL (mcrA), 106 copies/mL (dsrA) and 105 copies/mL (fhs) were identified 

below which methane production was limited.  Based on the similarity of phylogenetic 

diversity between productive and unproductive microcosms, diversity metrics alone are 

not a useful predictor of methanogenesis in this system.  These results are an important 

contribution toward understanding the required organisms for methanogenesis from 

coal and will serve as a basis for the continued use and enhancement of biogenic CBM 

as an energy resource. 
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CHAPTER THREE:  THE EFFECT OF COAL OXIDATION ON METHANE 

PRODUCTION AND MICROBIAL COMMUNITY STRUCTURE IN POWDER RIVER 

BASIN COAL 

Copyright 2013 Elsevier B.V.  Reproduced in part with permission (Appendix A) 

Lisa K. Gallagher, Andrew W. Glossner, Lee L. Landkamer, Linda A. Figueroa, Kevin 

W. Mandernack and Junko Munakata-Marr.  2013.  The effect of coal oxidation on 

methane production and microbial community structure in Powder River Basin coal.  

International Journal of Coal Geology.  115: 71-78.  Co-authors contributed valuable 

insight for project direction and manuscript generation; laboratory work, data analysis 

and quality assurance were performed exclusively by Lisa Gallagher.  Several method 

descriptions in this chapter have been altered to reflect their detailed description in 

previous chapters.   

3.1:  Abstract 

Vast reserves of coal represent a largely untapped resource that can be used to 

produce methane gas, a cleaner energy alternative compared to burning oil or coal. 

Microorganisms are able to utilize coal as a carbon source, producing biogenic 

methane. The conversion of coal to methane by microorganisms has been 

demonstrated experimentally by a number of research groups, but coal handling and 

treatment prior to incubation often goes unreported and may impact biogenic methane 

production. Microcosm experiments were designed to assess how prior exposure of 

coal to oxygen might influence methane production (e.g., as in a dewatered coal-bed 

natural gas system). Microcosms containing oxidized and un-oxidized coal samples 

from the Powder River Basin were incubated with and without inoculation with an 

enrichment culture derived from coal. Gas chromatography and pyrosequencing of the 

16S rRNA gene were used to assess how coal oxidation affects methane production 
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and microbial community structure within microcosm samples. Although the magnitude 

of methane production differed between experiments, the oxidized coal microcosms 

consistently produced between 50 and 100 micromoles less methane per gram of coal 

than the un-oxidized microcosms. Additionally, un-inoculated microcosms produced 

levels of methane comparable to their inoculated counterparts, demonstrating the 

importance of native, coal-associated microbial assemblages in biogenic methane 

production. Specific methanogens were identified in the different treatments and their 

relative prevalence supported the relative level of methane production. Common coal-

associated bacterial groups such as δ- and γ-Proteobacteria, Spirochaetes and 

Firmicutes were prevalent in different microcosms, though the presence of specific 

bacteria was not correlated with methane production. These data suggest that while 

coal oxidation decreased methane production, oxidation was not a primary factor in the 

variation between microcosm community structures. 

3.2:  Introduction 

Vast reserves of coal represent an untapped resource that can be used to 

produce methane gas, a cleaner energy alternative compared to burning oil and coal. 

According to the last estimates made by the United States Geological Survey (USGS), 

the total coal resources in the United States are approximately 4 trillion short tons 

(USGS 2013). Of this total, only about 260 billion short tons are viable to mine using 

current technology (USEIA 2009).  If even a tiny fraction of the remaining coal could be 

converted to natural gas, then large energy reserves could be generated from 

previously underutilized material. 

Consumption of natural gas in the U.S. is currently increasing (24.1 trillion cubic 

feet (tcf) in 2010 to 26.6 tcf by 2035 (USEIA 2009)), and in order to meet expected 

demand, unconventional natural gas reservoirs such as subsurface coalbeds are being 

explored.  Coalbed methane (CBM) is methane gas associated with coal in the 

subsurface, held in place by hydrostatic pressure. Two types of CBM are characterized 

by their respective formation processes. The first type is thermogenic CBM, which is 
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formed by high pressure and temperature through the coalification process. The second 

type is biogenic CBM, which is formed via the metabolic activity of microorganisms. 

Microorganisms are able to utilize coal as a sole carbon source, producing 

biogenic methane (Harris et al. 2008; Jones et al. 2010).  Methanogenic archaea carry 

out the process of methanogenesis, generating methane from precursors such as 

acetate or hydrogen and carbon dioxide.  In order to break down a complex substrate 

such as coal a metabolically diverse microbial community is necessary to generate 

these precursors from the macromolecules comprising the coal structure. Because of 

the complexity of this system, the process is not well characterized.  The increasing 

demand for cleaner energy resources has led to enhanced biogenic methane 

production from coal becoming an active area of research. 

The conversion of coal to methane by microorganisms has been demonstrated 

by a number of research groups that have handled and maintained anaerobic conditions 

appropriately (Harris et al. 2008; Jones et al. 2008, 2010; Li et al. 2008); however, coal 

handling and treatment prior to incubation often goes unreported and may impact 

biogenic methane production.  Additionally, coalbed dewatering (which exposes the 

coalbed to oxygen) has been suggested to negatively impact the native microorganisms 

carrying out the process of methanogenesis from coal (Green et al. 2008; Jones 2012; 

Klein et al. 2008). To determine the effects of coal oxidation on biogenic methane 

production, microcosm experiments were conducted using oxidized and un-oxidized 

coal from the Powder River Basin (PRB). 

3.3:  Materials and Methods 

Powder River Basin (Wyoming and Montana, USA) coal samples were collected 

from the Big George coal seam (sub-bituminous rank) by filtration from the drill effluent 

during the process of drilling a CBM well.  Once collected, the cuttings were rinsed with 

sterile, anaerobic de-ionized water and vacuum-sealed in airtight bags with oxygen 

scrubbers.  The samples were kept on ice and transported back to the lab, where they 

were stored at 4°C. 
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3.3.1:  Coal Microcosm Preparation 

Microcosm experiments were designed to assess how exposure of coal to 

oxygen prior to incubation might influence methane production and the microbial 

community structure.  Oxidized coal was prepared by crushing with a sterile mortar and 

pestle and exposing to air at room temperature for 48 hours.  The oxidized coal was 

then placed in an anaerobic chamber, with a gas composition of 5% CO2, 5% H2 and 

90% N2, for 48 hours to remove residual oxygen.  Un-oxidized coal was prepared by 

crushing, similarly to the oxidized coal, using a sterile mortar and pestle inside the 

anaerobic chamber.  Five grams of oxidized or un-oxidized coal and 50 mL of carbon-

free medium were added to 120 mL serum bottles.  Medium was prepared as described 

by Tanner (1997), with the exception of substituting chloride salts when sulfate salts 

were specified.  Each microcosm was inoculated (except un-inoculated controls) using 

an enrichment culture that was derived from coal (described below).  Autoclaved control 

microcosms were autoclaved twice at 121°C and 15 psi for 30 minutes, after all 

components, including inoculum, were added.  All treatments were run in triplicate and 

are described in Table 3.1.  Microcosms were provided a 4:1 N2 to CO2 headspace by 

flushing for three minutes then pressurizing to 14 kPa. Microcosms were incubated at 

30°C in the dark. 

Enrichment cultures were established using coal from the PRB. Five to ten grams 

of coal were crushed and added, along with 50 mL of the carbon-free medium 

previously described, to a 120 mL serum bottle.  The bottles were sealed and provided 

an anaerobic headspace of 80% N2 and 20% CO2.  One milliliter of coal slurry was 

transferred to fresh coal and medium after incubating for a minimum of 30 days.  

Enrichment cultures demonstrated the ability to generate methane using coal as a 

carbon source and were selected as inocula based on methane production values.  

Inoculum 1 was the first generation of enrichment from BG-1 coal.  Inoculum 2 was the 

third generation enrichment from BG-1 coal, undergoing two transfer events after it was 

used as Inoculum 1. Inoculum 1 was incubated for 30 days prior to use, while inoculum 

2 was incubated for 95 days prior to use.  The relation of the inocula to other 

microcosms within this dissertation is described in Figure C.1 (Appendix C). 
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Table 3.1.  Summary of microcosm test conditions for experiments one and two.  All 
microcosms contained 5 g coal, 50 mL medium and 4:1 N2/CO2 headspace.  All coal 
was from the Big George (BG) coal seam (same well and depth), but different sample 
bags (i.e., BG-1 and BG-2) were used as substrate in each experiment.  Inocula used in 
these experiments (Inoc.1 and Inoc.2) are described in Figure C.1 (Appendix C).   

Experiment ID Coal ID Coal condition Inoculum 

1 Un-ox.1 BG-1 Un-oxidized 0.5 mL of Inoc.1 

 Ox.1 BG-1 Oxidized 0.5 mL of Inoc.1 

 Ctrl.1 BG-1 Un-oxidized & 

Autoclaved 

0.5 mL of Inoc.1 

2 Un-ox.2 BG-2 Un-oxidized 0.5 mL of Inoc.2 

 Ox.2 BG-2 Oxidized 0.5 mL of Inoc.2 

 Ctrl.2 BG-2 Un-oxidized & 

Autoclaved 

0.5 mL of Inoc.2 

 No-Inoc.2 BG-2 Un-oxidized No Inoc 

 

3.3.2:  Gas Chromatography 

A Shimadzu GC-17A was used to measure cumulative headspace methane 

concentrations.  This instrument was equipped with a Molsieve with a 5 Å pore size, a 

HayeSep Q column (2-m × 2-mm i.d.) and a flame ionization detector (FID).  The oven 

and injector remained at 100°C, while the FID temperature was 200°C. The helium 

carrier gas flow rate was 17 mL/min.  Methane was detected using the FID, with a 

retention time of 3.2 minutes.  Microcosms were shaken for 30 seconds prior to 

sampling to promote consistent sample collection.  A gas-tight syringe needle was 

flamed and allowed to cool before collecting 0.1 mL of headspace gas, which was 

directly injected into the gas chromatograph. Calibration standards of 100 ppm or 1% 

methane (Scotty Analyzed Gases) were injected at atmospheric pressure for standard 

curve generation. 
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3.3.3:  DNA Extraction and Sequencing 

One milliliter of slurry sample was collected for each microcosm at each sampled 

time point of the experiments and stored in cryovials at -80°C until DNA was extracted.  

Bulk DNA was extracted from coal slurry samples using a MoBio Powersoil® DNA 

Isolation Kit (MoBio Laboratories).  To increase DNA recovery, the method was 

modified as described in Chapter 2.  

Sequencing of the 16S rRNA gene was performed using the methods described 

in Osburn et al. (2011), with slight modification in the amount of template DNA used (2 

µL template per reaction in this study). The primer set 515f/907r-modified (Osburn et al. 

2011; 515f-modified, 5"-GTGYCAGCMGCCGCGGTAA-3", and 907r-modified, 5’-

CCYCAATTCMTTTRAGTTT-3’) was used to amplify the 16S rRNA gene for bacteria 

and archaea and to attach the DNA barcode necessary for identification.  Samples were 

prepared using the same methods as described in Chapter 2.  Briefly, samples were 

amplified using touchdown PCR and the reaction was stopped upon reaching a 

saturation point.  The PCR product sizes and concentrations were determined and 

samples were pooled to normalize the amount of DNA added from each sample.  The 

pooled samples were vacuum evaporated to the desired volume then gel purified.  

Titanium platform 454 pyrosequencing (Roche Applied Sciences) was performed by 

Engencore (now Selah Genomics; Columbia, SC).   

Raw data were processed using the QIIME pipeline (Caporaso et al. 2010) as 

described in Chapter 2.  Briefly, quality screening was performed, followed by a noise 

removal algorithm.  Sequences were clustered based on 97% identity and 

ChimeraSlayer was used to identify and remove chimeric representative sequences 

(Haas et al. 2011).  The representative sequences were aligned to the SILVA 

SSURef102_NR database, using basic local alignment search tool (BLAST), for 

phylogenetic assignment (Altschul et al. 1990).  Alpha and beta diversities were 

examined using python scripts and wrappers within the QIIME pipeline.  For this study, 

alpha diversity was measured as the number of observed species at each sampling 

depth, displayed as a rarefaction curve for each sample (Figure 3.3). Species, in this 

case, are operational taxonomic units (OTUs), which are clusters of sequences that are 

grouped based on a defined similarity level (97% in this study).  Sampling depth refers 
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to the number of randomly selected sequences used to evaluate diversity based on the 

number of “species” present.  For example, in Figure 3.3, Un-ox.2b has 12 observed 

species when 200 sequences were used to evaluate diversity and 30 observed species 

when 1200 sequences were used to evaluate diversity.   

Beta diversity is the difference in diversity between each pair of samples 

(Whittaker 1972).  UniFrac is a method of calculating beta diversity between samples 

that utilizes phylogenetic methods.  In UniFrac, a phylogenetic tree is input that includes 

all sequences from each sample being compared.  The branch length of the tree is 

based on the number of substitutions between the sequences being compared.  Greater 

branch length between two sequences indicates greater difference.  The UniFrac metric 

is then defined as the branch length that is unique to one sample or the other 

(Lozupone and Knight 2005).  A UniFrac metric for each microcosm was generated, 

then unweighted pair group method with arithmetic mean (UPGMA) clustering was 

used, along with the generated distance matrices, to produce a tree representing the 

clustering of samples based on similarity (Lozupone and Knight 2005).  Additionally, P 

values (Martin 2002) were calculated to determine whether the difference between 

microcosms was significant. 

3.4:  Results 

 This study focused on the impact of coal oxidation on methane production and 

microbial community structure.  Coal samples from the Big George seam of the Powder 

River basin were used for analyses.  The results of analysis of coal incubations are 

presented below. 

3.4.1:  Effect of Coal Oxidation on Methane Production 

Methane quantities measured in microcosm headspace over time, normalized by 

mass of coal, are displayed in Figure 3.1.  Methane production plateaued within 100 

days for un-oxidized coal during the first experiment while the oxidized coal showed its 

first significant methane at 191 days.  The amount of methane produced by the oxidized 

coal microcosms from experiment one, however, did not increase any further over a 
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900-day period of observation. Methane was produced at a higher rate and extent in the 

second experiment.  In addition, the un-inoculated microcosms from experiment two 

produced amounts of methane comparable to the inoculated microcosms.  The oxidized 

coal microcosms consistently produced between 50 and 100 µmoles CH4/g coal less 

than the un-oxidized coal microcosms in both experiments. 

 

Figure 3.1.  Cumulative methane production for first (blue) and second (red) oxidized 
coal experiments.  Each point represents an average of three microcosms; error bars 
represent standard error of triplicate microcosm samples.  Oxidized microcosms are 
represented by open markers; un-oxidized microcosms by closed markers.  The dashed 
line represents un-oxidized, un-inoculated microcosms.  Green represents six 
autoclaved control microcosms from experiments one and two.   

3.4.2:  Microbial Community Structure 

The bacterial communities in experiment one were similar within the microcosm 

treatments (Figure 3.2).  All microcosms were dominated by Spirochaetes and δ-

Proteobacteria; however, the un-oxidized microcosm also had a higher contribution of γ-

Proteobacteria: Pseudomonads.  The bacterial communities of experiment two 

displayed more variability between microcosms.  Each microcosm community had a 

different dominant population.  The inoculum microcosm was dominated by δ-

Proteobacteria, the un-oxidized microcosm by Pseudomonads (γ-Proteobacteria), the 
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oxidized microcosms (both replicates) by Firmicutes and the un-inoculated microcosm 

by Spirochaetes.  The un-oxidized sample replicate that was incubated for 110 days 

prior to analysis also was predominantly Spirochaete.  The presence of these groups of 

bacteria is consistent with other phylogenetic studies of coalbed systems around the 

world (Guo et al. 2012; Midgley et al. 2010; Penner et al. 2010; Strąpoć et al. 2008); 

however, correlations between the organisms present in the bacterial communities and 

coal treatment across experiments were not identified. 

The archaeal fraction of the communities was different between oxidized and un-

oxidized coal treatments, suggesting a shift in the prevalence of the archaeal 

community based on the treatment of coal prior to incubation.  In both oxidized and un-

oxidized microcosms, the archaeal communities consisted almost exclusively of 

Methanosarcina and Methanobacteria (Euryarchaeota), with a very small proportion of 

Chrenarchaeota (<1% total relative abundance).  In both experiments the relative 

abundance of methanogens was higher in the un-oxidized microcosms (4.3 and 2.9% in 

experiments one and two, respectively) than in their oxidized cohorts (0.2 and 2.4%, 

respectively).  By comparison, the un-inoculated microcosm from experiment two had a 

significant methanogenic population, representing 11% of the total relative abundance.  

Additionally, methanogen abundance in the inocula differed in experiments one and 

two, potentially related to incubation time.  The inoculum used in experiment one was 

incubated for 30 days and a significant portion (19.3% total relative abundance) of the 

microbial community was methanogens.  Conversely, the inoculum used in experiment 

two had no detected methanogens, which may be explained by the 95-day incubation 

time prior to its use.  In the batch microcosms used in these experiments, methanogens 

may have died off after their growth substrates were consumed and by-products 

accumulated. 

In addition to the microbial community structure, the alpha and beta diversities of 

the communities were examined.  Figure 3.3 displays the rarefaction curves for 

communities analyzed in experiments one and two.  The second experiment 

microcosms generally exhibit greater diversity than the first experiment microcosms, 

based on the number of observed species at each sampling depth.  The inoculum from 

experiment two, as well as an experimental microcosm re-sampled after longer 
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incubation time, however, displayed a lower diversity as compared to their short-term 

experimental counterparts. 

 

 

Figure 3.2.  Relative microbial community structure based on 454 pyrosequencing of the 
16S rRNA gene.  Rows represent different experiments and columns represent 
microcosm treatments.  Each pie chart represents one microcosm sample.  Experiment 
2 replicates are taken from the same microcosm as their replicate cohort:  the un-
oxidized replicate at a different time point (110 days; different extraction) and the 
oxidized replicate at the same time point (25 days; same extraction, analyzed on 
different sequencing plate).  Numbers in parentheses are incubation time in days.   

 



 

 67 

 

Figure 3.3.  Rarefaction curves for experiments one (blue) and two (red), showing alpha 
diversity based on the number of observed species at each sampling depth.  Open 
markers represent oxidized microcosms, while closed markers represent un-oxidized 
microcosms.  Inocula are displayed as marker-free lines and the microcosm with no 
inoculum added is displayed as a dashed line.  Replicates from the same microcosms 
are represented by corresponding treatment markers with dashed lines.  Numbers in 
parentheses are the incubation time in days for each microcosm.  Maximum sampling 
depth was 1237 sequences per sample, as determined by the number of quality 
sequences left after quality trimming.  Three percent dissimilarity was used for “species” 
identification.   

Beta diversity analysis resulted in a tree displaying the relatedness of each 

microcosm community compared to others (Figure 3.4).  The distance between two 

samples represents the fraction of “shared” branch length, or the branches that contain 

taxa found in each sample (as opposed to “unshared” branches, containing a taxon 

found in only one sample).  More distance on the output tree indicates less “shared” 

branch length, or greater dissimilarity.  The root, present in the left of the figure, 

indicates that all samples on one side are more similar to any other sample on the same 

side of the root than any sample on the opposite side of the root (e.g., Un-ox.2a is more 

similar to Ox.2a than to No-inoc.2).  The un-inoculated microcosm clustered on the 

opposite side of the root from all other microcosms, indicating it was the least similar to 
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all microcosms.  Significance testing supported this conclusion, because No-inoc.2 was 

significantly different than all other microcosms except Un-ox.2b (P = 1.0), which was 

not representative of the experimental microcosms as it had a 110-day incubation time 

before analysis.  Sample replicates Ox.2a and Ox.2b did not cluster together, indicating 

that the remaining samples could not be discriminated between based on this analysis.  

 

Figure 3.4.  Beta diversity for experiments one (blue) and two (red), based on weighted 
UniFrac analysis.  Oxidized microcosms are displayed as open markers and un-
oxidized microcosms as closed markers.  Replicate microcosm samples are labeled ”a” 
and “b” and are represented by different marker lines.  Triangle markers are used to 
display inocula.  The square marker identifies the microcosm with no inoculum added.  
Numbers in parentheses represent the incubation time of the microcosm prior to DNA 
extraction and analysis.  Numbers at each node represent the jackknife support values 
for n = 100 trees.  P-value is displayed vertically in italics.  

Principal coordinate analysis (PCoA) indicated that 67% of the variation could be 

explained by principal coordinates 1 and 2 (Figure 3.5).  Principal coordinate 2 (29% of 
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the variation explained) separates the samples by incubation time, grouping the 

microcosms with less than 30 days of incubation and greater than or equal to 30 days of 

incubation (Figure 3.5, Panel A).  The un-inoculated sample from experiment two does 

not cluster as closely with its 25-day incubation cohorts, indicating again that this 

community was significantly different than the remaining microcosms.  Additionally, 

PCoA suggests that oxidation is not a primary factor in the variation between microcosm 

communities (Figure 3.5, Panel B). 

 

Figure 3.5.  Principal coordinates analysis displaying the first two principal coordinates.  
Axes represent the percentages of variation that can be explained by each principal 
coordinate.  A) Microcosm samples based on incubation time.  Red squares are 25-day 
incubation times (Un-ox.2a, Ox.2a, Ox.2b, No-inoc.2).  Inverted orange triangles are 70-
day incubation times (Un-ox.1, Ox.1).  The green triangle is the 95-day incubation time 
(Inoc.2).  The blue circle is the 30-day incubation time (Inoc.1).  The purple square is 
the 110-day incubation time (Un-ox.2b).  B) Blue squares represent oxidized coal 
microcosms; red circles represent un-oxidized coal microcosms.   

3.5:  Discussion 

Biogenic methane production from coal has been demonstrated in basins 

worldwide (Midgley et al. 2010; Penner et al. 2010; Shimizu et al. 2007; Strąpoć et al. 

2008; Tang et al. 2012).  In this study, oxidized and un-oxidized coal microcosms were 

incubated and analyzed to obtain a more complete understanding of the effects of coal 
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oxidation on methane production and microbial community structures.  Over the 

duration of this study, coal oxidation led to a decrease in methane production.  In 

addition, two experiments with different coal samples from the same source and inocula 

with different holding times resulted in different relative methane production per unit 

mass of coal.  Explanations for the observed differences between treatments and 

source of inocula and coal are discussed herein. 

3.5.1:  Methane Production 

In this study, experiment two produced more methane than experiment one.  The 

coal used in the two experiments came from the same source but was taken from 

different sample bags.  In addition, while the inoculum used was propagated from the 

same culture, the length of time between transfer and usage was different.  Thus, the 

observed difference in relative methane production may have several causes. 

Biological variation (spatial and temporal) of the coal-associated microbial 

community is one possible factor.  Coal is inherently biologically heterogeneous.  

Additionally, these heterogeneities change over time.  The two coal samples were taken 

from different storage containers and the amount of time the coal spent in each 

container was different.  The coal for experiments one and two had been stored in their 

containers for 6 and 12 months since collection, respectively.  The microbial 

transformation of the coal was presumably slowed by storage of the coal at 4°C; 

however, hydrolytic microorganisms and fermenters are active at low temperatures 

albeit at a low rate (Mountfort et al. 2003).  Thus, indigenous microorganisms had a 

longer time to transform coal used in experiment two to organic acids that would be 

available for methanogenesis. 

Another consideration is the length of time the inocula were incubated after 

transfer and prior to use.  A long incubation period between transfers would affect the 

growth phase of the culture.  For example, the culture with a 95-day incubation might be 

in the decay phase rather than exponential growth or stationary phase associated with a 

shorter incubation time.  This difference in incubation time could account for the lack of 

methanogens in inoculum 2, as the substrates readily useable by the methanogenic 
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population may have been consumed.  Additionally, the alpha diversity results of Un-

ox.2b, which was incubated for 110 days prior to analysis, suggest that diversity 

decreases with increased incubation time. 

The difference in methane production between experiments one and two could 

also be a result of the chemical heterogeneity of the coal, resulting in different available 

substrates depending on the coal introduced.  As described above, experiments one 

and two used coal from the same coal seam but from different storage containers (i.e., 

BG-1 and BG-2), which may have affected the experimental results.  Additional 

research would be required to identify any specific differences in substrate 

bioavailability in the two coal samples. 

Thus, while the initial conditions of the two experiments seemed comparable 

when the experiments were designed, the data suggest that significant differences 

between the two experiments existed.  The rapid initial production of methane from 

experiment two is consistent with organic acid product accumulation during the long 

coal storage time.  Also, the lack of microbial diversity and activity (including a lack of 

sufficient methanogens) in inoculum 2 may have allowed the indigenous coal population 

that was well adapted to the coal in storage to dominate the observed microbial activity.  

Presence of methanogens in the experiment two microcosms relative to the inoculum 

suggests the source of the active methanogenic population was the coal.  The presence 

of the highest fraction of methanogens in the un-inoculated microcosm is also 

consistent with a highly active methanogenic consortium present on the coal.  

Additionally, inoculum 2 may have accumulated toxic byproducts that were transferred 

to the inoculated microcosms and inhibited indigenous methanogens. 

All three experimental conditions from experiment two produced more methane 

than experiment one.  The role of the microbial community versus the chemical state of 

the coal cannot be separated; however, the addition of the enrichment inoculum did not 

significantly improve the rate or extent of methanogenesis over the un-inoculated 

microcosm in experiment two.  Thus, the composition and activity of the enrichment 

culture is not the likely cause for the observed difference in methane production 

between experiments one and two.  The addition of gaseous carbon dioxide into the 

microcosms (80% nitrogen, 20% carbon dioxide) may have impacted the subsequent 
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methane production.  Based on the carbon dioxide introduced, a maximum amount of 

76 µmoles could be produced, assuming equilibrium and the availability of 

stoichiometric amounts of dihydrogen gas for conversion.  For example, Un-ox.1 

produced 100 µmoles of methane per gram of coal, which equates to 500 µmoles of 

methane produced overall.  In the un-oxidized microcosms from experiment one (and 

others in this study that produced larger amounts of methane), carbon dioxide 

contribution was relatively small.  Therefore, the relative trends regarding treatment and 

experimental differences are still significant. 

Regardless of the variability observed, the results demonstrate that coal 

oxidation may lead to a decrease in methanogenesis.  In addition, these data suggest 

that the length of coal storage time may also contribute to differences in methane 

production.  Anecdotal observations have suggested that coal bed dewatering and other 

processes may result in oxidation of subsurface coalbed environments.  Jones (2012) 

reported that “partial oxidation,” performed either by dewatering of the coalbed or by 

Soxhlet extraction and treatment with dilute (5%) hydrogen peroxide, resulted in an 

increase in biogenic methane potential.  Jones (2012) used core samples from a 

dewatered Upper Wyodak formation that was considered partially oxidized; however, 

the amount of oxygen that was present in the coal seam was not determined so the 

extent of oxidation of the coal is unknown.  In microcosm experiments with just coal and 

carbon-free medium, the dewatered sample had greater biogenic methane potential 

than water-saturated coal samples, but greater oxidation of samples (i.e., 10% 

hydrogen peroxide solution) resulted in the opposite effect.  These results may be 

comparable to the current study, as oxidized samples in the present study were cuttings 

exposed to air for 48 hours, likely resulting in more significant oxidation than in the 

untreated Wyodak cores.  In each of these studies, replicates within the oxidation 

treatments exhibited high variation and the sample sizes were not large enough for 

extensive statistical analysis.  These results suggest that oxidation of coal may have 

both beneficial and detrimental impacts on methanogenesis depending on the degree of 

oxidation as well as the coal characteristics, but further examination is warranted to 

delineate this phenomenon more definitively. 
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3.5.2:  Microbial Community Structure 

In the second experiment, the un-inoculated microcosms produced methane at 

comparable levels to the inoculated microcosms.  This suggests that organisms already 

present on the coal were responsible for the observed methanogenesis.  This finding is 

consistent with Harris et al. (2008) and Jones et al. (2010), who found native microbial 

communities capable of generating methane using coal as a substrate.  Midgley et al. 

(2010) found that organisms endemic to the coal are actually preferable to a foreign 

culture.  This appears to hold true in these microcosms, despite the fact that the inocula 

originated from the same coal.  The native microbial community of the un-inoculated 

microcosm was diverse and contained a substantial proportion of methanogens.  

Comparable methane production rates between the un-inoculated, inoculated and un-

oxidized microcosms suggest that the inocula do not grow to dominate the microbial 

communities and that both communities are capable of methanogenesis.  This 

observation is supported by the beta diversity analysis, which demonstrates that the un-

inoculated microcosm was the most dissimilar to all other microcosms, based on its 

location on the opposite side of the root from the remaining microcosms and its 

associated P values.  The molecular characterization also supports the idea that a 

diverse microbial community is necessary to degrade a complex substrate like coal, as 

different bacterial groups dominated different methane-producing microcosms, with no 

single group correlated with the amount of methane generated.  Additionally, the alpha 

diversity and methane production data suggest that at the experiment level, increased 

diversity was related to greater methane production; however, this trend did not hold 

within experiments (e.g., un-oxidized coal samples produced more methane, but their 

alpha diversities were not significantly different than the oxidized samples with-in the 

same experiment). 

The proportion of methanogens decreased in response to coal oxidation, as 

described in section 3.4.2.  Methanogens are strict anaerobes, so even low-level 

oxygen exposure can be toxic.  Though the coal microstructure may provide areas of 

protection to these organisms, the lower proportion of methanogens in oxidized coal 

microcosms suggests that some oxygen exposure did occur.  It is also significant that 

the methanogenic population was predominantly Methanosarcina, as these organisms 
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have the ability to produce methane from acetate (Garcia et al. 2000), a common 

metabolite in coal systems. 

With respect to the bacterial communities, organisms that are commonly 

associated with coal environments were identified, including Firmicutes, δ-

Proteobacteria, Spirochaetes, Pseudomonas and Bacteroidetes (Midgley et al. 2010; 

Penner et al. 2010; Shimizu et al. 2007; Strąpoć et al. 2008).  These organisms have 

diverse metabolic capabilities and have demonstrated capacities to degrade coal-like 

materials.  Strąpoć et al. (2008) suggested that Spirochaetes could have the ability to 

break up complex macromolecules in the coal matrix, based on their ability to degrade 

plant-associated polymers such as xylan and pectin.  These organisms also have the 

capacity to degrade amino acids and sugars to form acetate (Breznak 2002), a common 

metabolite in this system.  Based on the examination of a coal seam in northern Japan, 

Shimizu et al. (2007) found the bacterial community dominated by Firmicutes and δ-

Proteobacteria.  These phyla are present in significant proportions in this study as well.  

The genus Pelobacter was found in this system and has the ability to perform the initial 

steps in anaerobic degradation of benzenetriols (Samain et al. 1986).  Bacteroidetes 

and Pseudomonas have both demonstrated the ability to degrade hydrocarbon 

compounds in a mixed consortium and as a genus, respectively (Rahman et al. 2002; 

Sathishkumar et al. 2008).  Green et al. (2008) found little diversity within the Firmicute 

phylum in their study of a methanogenic consortium from the PRB, but found sequences 

belonging to the genera Clostridium and Acholeplasma, also found in the present study.  

Acholeplasma are facultative anaerobes and are known to be fermenters, producing 

acids from glucose metabolism (Brown et al. 2010).  Genus Clostridium is often found in 

coal microbial assemblages and can utilize carbohydrates to produce organic acids and 

alcohols (Garrity 2005).  The increase in Clostridia relative abundance in the oxidized 

microcosms of experiment two does not appear to be associated with the inoculum 

source, as the relative abundance of Clostridia in the inoculum is small (1.4%) 

compared to the oxidized microcosms (37.0 and 27.5%); however, coal oxidation may 

have created conditions that were optimal for these organisms, resulting in the higher 

relative abundance.  It is clear that a diverse bacterial community is present in this 

system, supporting the need for diverse metabolic capabilities to degrade a complex 
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substrate such as coal.  Metabolic activities of different organisms or even the specific 

organisms essential for coal transformation to methane, however, were not identified in 

this study.  More research is needed to address this question. 

3.6:  Summary and Conclusions 

In this study, coal oxidation resulted in decreased methane production.  The 

exact mechanism of how coal oxidation affects the process of biogenic methane 

production was not identified, but impacts of oxidation on the microbial communities 

involved may provide some explanation.  Coal oxidation consistently decreased the 

fraction of methanogens in each experimental community; however, no definitive 

change in the bacterial community could be correlated to coal oxidation.  The decrease 

in methane production and in methanogen abundance in these microcosms as a result 

of oxidation demonstrates that coal treatment and handling are important.  The 

oxidation state of tested coal, in the seam itself as well as how coal samples are 

handled and stored, appears to be important to the extent of methanogenesis from coal 

and is a factor that must be considered when comparing inter-laboratory studies. 

This study also demonstrates the importance of the native coal-associated 

microbial assemblages in biogenic methane production.  The un-oxidized, un-inoculated 

microcosm from the second experiment demonstrated the presence of a viable 

microbial consortium capable of producing methane from coal at levels comparable to 

the inoculated microcosms.  This suggests that, under the conditions of these 

experiments, the native microbes are important to methanogenesis from coal.  

Continued research efforts are needed in this area to advance efforts to sustain 

biogenic CBM as a long-term energy source. 
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CHAPTER FOUR:  TEMPORAL DYNAMICS OF THREE FUNCTIONAL MICROBIAL 

GROUPS ASSOCIATED WITH METHANE PRODUCTION FROM POWDER RIVER 

BASIN COAL INCUBATIONS 

 This chapter is intended for publication in the International Journal of Coal 

Geology as a short communication.  Proposed title and authors are as follows: 

“Temporal Dynamics of Three Functional Microbial Groups Associated with Methane 

Production from Powder River Basin Coal Incubations” prepared by Lisa K. Gallagher, 

Andrew W. Glossner, Lee L. Landkamer, Linda A. Figueroa, Kevin W. Mandernack and 

Junko Munakata-Marr.  Co-authors provided input on experimental direction and 

analysis as well as manuscript feedback; all DNA sample extraction and processing, 

qPCR analysis, gas chromatography and subsequent analyses were performed 

exclusively by Lisa Gallagher.   

4.1:  Abstract 

Coalbed methane is an increasingly utilized energy resource.  As such, much 

research has been conducted to better understand the system and its processes.  One 

area of focus is on the organisms involved in the process, from the initial degradation of 

coal polymers through the generation of methane.  To understand this system, it is 

necessary to understand the microbial ecology of the system and how it changes over 

time and under variable conditions.  The objectives of this study were to monitor the 

temporal dynamics of three different functional microbial groups within laboratory coal 

incubations to determine if prevalence of specific metabolic genes can be correlated to 

methane production and to better understand the roles of acetogens and sulfate 

reducers in this coal system (the role of methanogens is already well-defined).  An 

enrichment culture derived from coal was used as an inoculum.  Methanogens (mcrA 

gene), sulfate-reducing bacteria (dsrA gene) and acetogens (fhs gene) were quantified 

using qPCR analysis.  The system has complex microbial dynamics and methane 

production was not strongly correlated to the prevalence of any of these groups of 

organisms.  The batch systems examined had the most methane production between 
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days 0 to 25 of the incubation, then a relatively stable community with no additional 

methane production from days 25-180.  These three microbial groups appear to have 

established their required presence by day 25 of the incubation, resulting in overall 

system function but no further significant changes in copy numbers.  This study also 

demonstrated the co-occurrence and strong correlation of methanogens and sulfate-

reducers throughout the incubation.  Although their respective activities were not 

measured directly, the results suggest that these organisms can grow and potentially 

carry out their respective processes simultaneously.  Additional research is needed to 

capture the microbial dynamics of organisms that may be good predictors of methane 

production to sustain biogenic coalbed methane as a long-term energy resource.     

4.2:  Introduction 

Coalbed methane is an increasingly utilized energy resource.  As such, much 

research has been conducted to better understand the system and its processes.  One 

area of focus is on the organisms involved in the process, from the initial degradation of 

coal polymers through the generation of methane.  To understand this system, it is 

necessary to understand the microbial ecology of the system and how it changes over 

time and under variable conditions.  

Acetogenic bacteria, or acetogens, are anaerobic microbes that utilize the acetyl 

CoA pathway to produce acetate from C1 carbon precursors (Drake et al. 2008).  

Acetogenesis is known to be a major process in the global cycling of carbon, 

responsible for an estimated 10% of the acetate formed in anaerobic systems annually 

(Leaphart and Lovell 2001).  The widespread distribution of acetogens in natural 

systems has been well documented (Kotsyurbenko et al. 2001; Vianna et al. 2008; Xu 

et al. 2009), and acetogens are one of the most commonly found bacteria in coal 

systems (Strąpoć et al. 2011).  Typical acetogenic organisms in coal systems belong to 

the Spirochaete phylum (Strąpoć et al. 2011). 

Sulfate-reducing bacteria have the capability to use sulfate as their terminal 

electron acceptor, degrading organic compounds to produce sulfide.  These organisms 

are key players in the global cycling of carbon, particularly in marine sediments and 
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other anaerobic environments.  Sulfate reducers fall into two metabolic groups:  those 

that degrade organics completely to carbon dioxide and those that degrade organics 

incompletely to acetate (Muyzer and Stams 2008).  Although sulfate reducers do not 

typically degrade polymers, they have demonstrated abilities to degrade organic 

compounds such as benzoate, phenol, toluene, benzene and long-chain alkanes 

(Meyzer and Stams 2008).  Sulfate-reducing bacteria are also known to compete with 

methanogens and other hydrogen-utilizing organisms (e.g., acetogens) for hydrogen 

and other energetically favorable substrates in anoxic systems (Lovley and Klug 1983).  

Sulfate reducers have been found in coal-associated microbial communities (Fry et al. 

2009; Guo et al. 2012a; Shimizu et al. 2007; Strąpoć et al. 2008) and have been 

identified in our previous studies (Gallagher et al. 2013).   

Methanogenic archaea, or methanogens, carry out the terminal step in the coal 

degradation pathway, generating methane from a variety of precursors, including 

acetate, hydrogen and carbon dioxide. Commonly found coal-associated methanogens 

include Methanoculleus, Methanococci, Methanosaeta, Methanocorpusculum, 

Methanobacteria, Methanolobus, Methanoregula and Methanosarcina, which cover a 

wide range of metabolic capabilities (Strąpoć et al. 2011).  Productive coalbed methane 

systems are dependent upon these microorganisms; they are enriched for and 

quantified by a number of methods, including quantitative (real-time) polymerase chain 

reaction (qPCR), fluorescence in situ hybridization (FISH), F420 microscopy and 

sequencing techniques (Strąpoć et al. 2011). 

Quantitative PCR is widely used in microbial ecology and relies on the 

quantitative amplification of genes of interest within mixed microbial communities (Smith 

and Osborn 2009).  Quantitative PCR analysis has been previously used to quantify a 

variety of microbial groups associated with coal.  Singh et al. (2012) and Unal et al. 

(2012) used qPCR to demonstrate the presence and viability of methanogens in 

coalbed formation water from an Indian basin and incubations with coal from the 

Powder River Basin, respectively.  Although both of these studies used qPCR to 

demonstrate methanogen presence and activity in their systems, the interactions of 

methanogens with other microorganisms within the complex microbial communities 

associated with coal must be better understood to determine the importance and role of 
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other organisms in the system.  A study by Jones et al. (2010) went further by 

demonstrating that augmenting unproductive coal with a microbial culture (WBC-2; 

Jones et al. 2006) allowed for conversion of coal to methane in laboratory incubations.  

This microbial culture has demonstrated the ability to degrade compounds 

representative of coal organics, such as single-aromatic rings and long-chain fatty acids 

(Jones et al. 2010).  Quantitative PCR was used to enumerate methanogens, sulfate-

reducing bacteria and Geobacter organisms over an incubation period.  Although this 

provides a better understanding of the dynamics of these microbes in that system, the 

microbial culture that was used as an amendment was not native to coal.   

The objectives of this study were therefore to monitor the temporal dynamics of 

three different functional microbial groups within laboratory coal incubations to 

determine if the prevalence of specific groups of organisms can be correlated to 

methane production and to better understand the roles of acetogens and sulfate 

reducers in this coal system (methanogens have a well-defined role already (Strąpoć et 

al. 2011)).  An enrichment culture derived from coal was used as an inoculum.  

Methanogens, sulfate-reducing bacteria and acetogens were quantified using qPCR 

analysis.  Along with chemical data, these data allow detailed characterization of how 

the microbial communities associated with coal change over an incubation period, 

providing insight into the roles these organisms play in coalbed methane systems. 

4.3:  Materials and Methods 

 Coal was collected from the Powder River Basin (Montana and Wyoming, USA) 

as described previously (Gallagher et al. 2013).  Coal microcosm experiments were set 

up to assess the effect of coal oxidation on the microbial community structure and 

methane production.  The design of these microcosm experiments was previously 

described (Gallagher et al. 2013).  Briefly, 5 grams of oxidized or un-oxidized coal were 

added, along with 50 mL of carbon-free medium, to 120 mL serum bottles.  An 

enrichment culture derived from the same coal was added (0.5 mL).  Microcosms were 

purged and pressurized with an atmosphere of 80% N2 and 20% CO2 and incubated at 

30°C in the dark.  Coal used in experiment 1 had been stored for 6 months prior to 
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incubation and coal used in experiment 2 had been stored for 12 months prior to 

incubation.   

4.3.1:  Gas Chromatography and High Performance Liquid Chromatography 

 Methane concentrations were measured using gas chromatography (GC).  

Microcosms were shaken for 30 seconds prior to sampling to promote consistent 

sample collection. A gas-tight syringe needle was flamed and allowed to cool before 

collecting 0.1 mL of headspace gas, which was directly injected into the gas 

chromatograph. A Shimadzu GC (-17A with a Molsieve with a 5 Å pore size, a HayeSep 

Q column (2-m x 2-mm i.d.) and a flame ionization detector (FID) was used to measure 

cumulative headspace methane concentrations. The oven and injector temperature was 

100°C, while the FID temperature was 200°C. The helium carrier gas flow rate was 17 

mL/min. Methane was detected using the FID, with a retention time of 3.2 minutes. 

Calibration standards of 100 ppm or 1% methane (Scotty Analyzed Gases) were 

injected at atmospheric pressure for standard curve generation. 

 The concentration of acetate was monitored using high performance liquid 

chromatography (HPLC).  One mL of each sample was collected and filtered using a 

0.2µ pore size filter (Millipore).  Filtered samples were run on an Agilent 1100 Series 

HPLC using a BioRad HPX-87H column (300 x 7.8 mm) and a UV/VIS detector at 210 

nm.  0.1 N H3PO4 was used as an eluent and the flow rate was 1.0 mL per minute.  

Standard dilutions of an organic acid mixture were used to quantify sample acetate 

concentration.   

4.3.2:  DNA Extraction and qPCR Analysis 

 Microcosm samples used in this chapter are part of oxidized coal experiment 2, 

described in Chapter 3 of this dissertation.  The relation of these microcosms to others 

within this dissertation is described in Appendix C (Figure C.1).  Bulk DNA was 

extracted using the MoBio Powersoil DNA Isolation Kit (MoBio Laboratories), with 

methodological alterations as previously described by Gallagher et al. (2013).  All qPCR 

analyses were performed on a LightCycler 480 II (Roche).  Cycling conditions are listed 
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in Table 2.4 of this dissertation.  Primer selection, reaction components and 

amplification efficiencies are described in section 2.3.4 of this dissertation.  DNA 

concentration of the generated standard amplicon was calculated based on triplicate 

measurements on a Bioanalyzer 2100 (Agilent Technologies).  The copy number was 

calculated based on the molecular weight of the amplicon and the concentration of the 

utilized standard DNA, then a standard curve based on 10-fold serial dilutions was 

constructed to determine gene copy numbers in unknown samples.  Samples, 

standards and controls were run in duplicate.  Raw data were exported to LinRegPCR 

(Ramakers et al. 2003; Ruijter et al. 2009), which estimates fluorescence baseline using 

an algorithm that constructs the log-linear phase from the plateau stage downward.  

Average efficiency per amplicon, a common window of linearity, fluorescence threshold, 

and starting concentrations were calculated in LinRegPCR. 

 Because no initial samples (time=0) were collected in this experiment, the initial 

concentrations of mcrA, dsrA and fhs were estimated by averaging the autoclaved 

control copy numbers over time (a conservatively high value assuming no growth, which 

appeared to be the case based on methane and time-course data).  Delta values were 

calculated as the difference between each time point interval value for each gene or 

methane concentration (e.g., time point 2 mcrA copy number minus time point 1 mcrA 

copy number and corresponding time point 2 CH4 minus time point 1 CH4).   

4.3.3:  Statistical Analysis 

 Regression analysis was utilized to analyze the change in gene copy numbers 

and the change in methane concentration.  For these analyses, scatterplots were 

generated using one factor as the x-axis values (e.g., ΔmcrA copies/mL) and one factor 

as the y-axis values (e.g., ΔdsrA copies/mL).  Linear regression lines were plotted and 

the R2 values were evaluated to determine how well the regression line fit the data, or 

the fraction of variation in y values that can be explained by variation in the x values.  

Statistical significance of the correlations was determined based on calculation of a 

critical value for each correlation based on correlation coefficient, the number of 

samples analyzed and the level of significance, as displayed in Equation 4.1.    
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𝑡 =    !   !!!
√(!!!!)

                                                                                                    (Equation 4.1) 

 

where r is the Pearson’s correlation coefficient, N is the number of pairs of data points 

and t is the critical value of the correlation. 

4.4:  Results 

 The objectives of this study were to characterize the dynamics of three functional 

microbial groups (methanogens, acetogens and sulfate reducers) to understand how 

the community changes over time and with variable treatment (i.e., oxidation) and to 

determine whether prevalence of these functional groups is correlated to methane 

production from coal.  The results are presented in the following sections. 

4.4.1:  Microbial Dynamics 

 One goal of this study is to understand the dynamics of three microbial groups 

over an incubation period with coal.  Figure 4.1 displays the copy number per mL of the 

mcrA gene (methanogens), dsrA gene (sulfate-reducing bacteria) and fhs gene 

(acetogens), as well as the methane production over time.  This figure displays the 

results of the un-oxidized microcosm samples in Panel A and the oxidized microcosm 

samples in Panel B.  Autoclaved control values over time are also presented for mcrA, 

dsrA and fhs (methane values for autoclaved controls were all less than 0.25 µmoles/g 

coal).  Time zero estimates are presented for each gene based on an average of the 

autoclaved control values for the respective gene.  Sulfate-reducing bacteria, acetogens 

and methanogens were all measured in the system throughout the incubation period.  

Methanogens have significantly higher and relatively stable copy numbers after day 25 

of the experiment, while the sulfate-reducers and acetogens remain about two orders of 

magnitude lower but also relatively stable.    
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Figure 4.1.  Un-oxidized (Panel A) and oxidized (Panel B) coal microcosm data 
collected over incubation period.  Methane values (red circles; left axis) represent the 
average of biological triplicates.  Filled symbols for mcrA (blue), dsrA (green) and fhs 
(purple) copy numbers (right axis) represent the average of biological triplicates.  
Corresponding colored open markers represent single measurements of autoclaved 
controls for the respective gene over time.  Open symbols at time=0 are estimates for 
initial mcrA, dsrA and fhs copy numbers, based on average autoclaved control values.  
Error bars represent the standard error of the triplicate measurements.   
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 In addition to methane, acetate values were measured over time, as shown in 

Figure 4.2.  In the un-oxidized coal incubations the acetate in the system decreased 

with time from 6.64 mg/L on day 0 to 0.99 mg/L by day 179 of incubation.  In the 

oxidized coal incubations, however, the acetate concentration was more dynamic.  

Initially, the acetate concentration was 1.81 mg/L then increased to 5.93 mg/L by day 

25.  The acetate then decreased to approximately the same as the starting 

concentration (1.73 mg/L), only to increase again by day 110 to 5.76 mg/L.  This 

fluctuation continued into day 179 when the acetate concentration dropped again to 

0.55 mg/L.   

 

Figure 4.2.  Acetate values for oxidized (open markers) and un-oxidized (filled markers) 
coal incubations.  Values represent average of triplicate measurements; error bars 
represent the standard error of the replicate measurements. 

4.4.2:  Organism Correlation to Methane Production 

 A further goal of this study was to determine if the production of methane was 

related to the presence of the monitored organisms.  More specifically, we examined 

whether the change in methane concentration was related to the change in log copy 

number of methanogens, acetogens and sulfate-reducing bacteria.  Table 4.1 displays 

the R2 values for this comparison.  As Table 4.1 shows, all of the correlations 

demonstrate that the change in log copy number of the included microorganisms is one 
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factor affecting the production (or lack thereof) of methane in this system; however, the 

variation in methane cannot be explained by the variation in the delta log copy numbers 

alone.      

Table 4.1.  R2 values for the change in methane concentration vs. the change in the 
respective gene log copy numbers per mL of oxidized and un-oxidized coal microcosm 
samples. 

 ΔmcrA ΔdsrA Δfhs 

Un-oxidized ΔCH4 0.715 0.603 0.551 

Oxidized ΔCH4 0.582 0.491 0.510 

 

To follow up on this initial correlation analysis, a simple linear relationship 

(Equation 4.2) was used to predict the methane production based on the copy numbers 

of each respective gene. 

 

ΔCH4 = k Δ copy number                                                                             (Equation 4.2) 

 

where k correlates ΔCH4 to Δ copy number. 

 

Figure 4.3 Panel A shows the measured ΔCH4 versus the measured Δlog copy 

number for each gene of interest.  A significant amount of noise is evident around the y-

intercept and the slope of each regression line is highly dependent on two points for 

each respective gene.  These points represent time point 1 of the experiment, which 

was determined to be the only statistically significant change of the experiment with 

respect to methane and copy numbers (t-test evaluation at α = 0.05 level).  The 

resulting correlation equations were used to calculate predicted methane and are 

presented in Figure 4.3 Panel B.  These calculated methane values do not align well 

with the measured methane values.   
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Figure 4.3.  (A) Measured change in methane versus change in measured log copy 
number for mcrA, dsrA and fhs.  Resulting equations were used to predict methane 
concentrations based on observed changes in log copy number.  (B) Predicted methane 
versus measured methane. 
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4.4.3:  Correlation of Organisms 

 In addition to the relationship between organism proliferation and methane 

production, the relationship between organisms was also examined.  Table 4.2 displays 

the R2 values for the correlation analysis of the change in mcrA, dsrA and fhs copy 

number per mL across the four experimental time intervals.  In both oxidized and un-

oxidized coal microcosms, the correlations all have R2 values greater than 0.98.  When 

evaluated using Equation 4.1, all correlations were significant at the α = 0.05 level (n = 

4, t = 7.11 – 22.40).    

Table 4.2.  R2 values for the change in copy numbers per mL of respective genes in 
oxidized and un-oxidized coal microcosm samples.   

 Un-oxidized Oxidized 

 Δ mcrA Δ dsrA Δ mcrA Δ dsrA 

Δ dsrA 0.981 ----- 0.991 ----- 

Δ fhs 0.998 0.990 0.998 0.989 

 

 Methanogens and sulfate-reducers are known to compete for substrate and 

energy resources in natural environments.  In coalbed systems, both methanogens and 

sulfate-reducing bacteria have been identified, but the relationship has not been 

extensively studied.  In this study, mcrA and dsrA copy numbers are highly correlated 

(R2 = 0.951), as shown in Figure 4.4; this correlation coefficient for mcrA and dsrA is 

statistically significant (p<0.05).  The R2 value in Figure 4.4 is different than those found 

in Table 4.2 because the comparisons were different.  The R2 values in Table 4.2 were 

based on the change in copy numbers per mL while the R2 value in Figure 4.4 was 

based on the raw copy numbers per mL.  Furthermore, Figure 4.1 shows that both 

microbial groups occur throughout the incubation period.   
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Figure 4.4.  Scatter plot of dsrA copy number per mL versus mcrA copy number per mL. 

4.5:  Discussion 

 The presence of methanogens, sulfate-reducers and acetogens has been 

documented in coal basins spanning the world.  In this study, coal microcosms 

containing oxidized and un-oxidized coal were analyzed over time to gain a better 

understanding of the dynamics of these three functional microbial groups and whether 

methane production was related to the presence and abundance of these microbial 

groups.  Over the duration of this study, methanogens dominate the system, but all 

three microbial groups were consistently present and highly correlated.  Statistical 

analysis of experimental data confirms a moderate correlation (R2 values between 

0.491 and 0.715) between the change in methane concentration and the copy number 

of the three genes of interest.  Additionally, dynamics of this system demonstrate the 

correlation between numbers of methanogens and sulfate-reducers.  A discussion of 

these observations is presented below. 

4.5.1:  Microbial Dynamics 

 Over the course of this study, methanogens were present consistently at 

significantly higher levels (2.65x108 to 2.86x109 copies per mL) than acetogens 

(7.18x105 to 5.50x106 copies per mL) and sulfate-reducers (1.11x106 to 5.89x106 copies 

per mL).  Similar results were found by Jones et al. (2010), with mcrA levels greater 

than sulfate-reducer levels (8.0x104 to 2.5x105 vs. 2.0x103 to 8.0x103 copies per mL, 
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respectively), however, the presence of methanogens was not consistent throughout the 

incubation period.  Rather, methanogen copy numbers in biostimulated and 

bioaugmented microcosms were low until about day 80-100 of the incubation (Jones et 

al. 2010), which corresponded with a second stage of methane production.  The first 

stage of methane production spanned day 40-80 of the incubation.  Although the 

present study did not measure copy numbers for time=0, a significant number of 

methanogens were measured by day 25 of the incubation and remained relatively 

constant through 180 days.  Methane production was greatest between days 0 and 25, 

and the concentrations peaked at day 60 of the incubation.  After day 60 methane 

concentrations for both oxidized and un-oxidized microcosms remained stable, similar 

to the organism copy numbers.  This system also has the potential for anaerobic 

oxidation of methane (AOM), as anaerobic methanotrophic archaea (ANME) possess a 

sequence homologue of mcrA, which is assumed to catalyze the process of AOM 

(Håvelsrud et al. 2011).  Therefore, detection of the mcrA gene does not distinguish 

between the two processes and either organism type can be detected using this gene.   

The prevalence of the functional genes for different metabolic pathways expected 

in this study remained surprisingly consistent throughout the incubation period.  The 

present study used batch incubations, so the organism copy numbers were expected to 

shift more with time, substrate availability and production of inhibitory by-products.  This 

stability could be an artifact of the chosen analysis.  Quantitative PCR is a reliable way 

to enumerate organisms in mixed microbial communities; however, the method detects 

gene copies, not viable organisms.  Although some studies have utilized dyes to 

discriminate between live and dead organisms detected via qPCR (Nocker et al. 2007; 

Yasunaga et al. 2013), these methods were not employed in this study.  Therefore, the 

numbers presented here can be used to estimate cell numbers but cannot be used to 

infer activity.  Regardless, these findings are significant to the field, as this study 

represents the first to examine these three microbial groups within coalbed systems 

over time, using only native coal microbial cultures.     
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4.5.2:  Organism Correlation to Methane Production 

 A critical aspect to the development of biogenic coalbed methane research is a 

better understanding of which organisms are key players in the conversion of coal to 

methane.  Also important is the ability to determine if organism presence or abundance 

is related to methane production.  For all samples, the change in log copy number for all 

three microbial groups was only moderately correlated to the change in methane 

concentration during each time interval of the experiment, as presented in Table 4.1. 

The copy numbers do account for some degree of variation in methane concentration, 

as the R2 values ranged from 0.491 to 0.715 (Table 4.1).  However, these correlations 

were not statistically significant at the α = 0.05 level using Equation 4.1.  This finding 

may be a function of the time frame in which most of the sampling occurred (i.e., after 

most of the significant methane production in the system occurred). 

The finding that changes in numbers of methanogens were not highly related to 

methane concentration is consistent with the results presented in Chapter 2.  The 

presence of mcrA was not correlated to methane production (R2=0.08).  This may be an 

artifact of the small sample size and the analysis used, which does not enumerate live, 

active organisms but rather the presence of the gene of interest. These results 

contradicts findings by Unal et al. (2012), who found mcrA transcript levels to be 

positively correlated with elevated rates of methane production in produced water from 

the PRB when provided micronutrient supplementation (R2=0.95).  However, this group 

analyzed samples during active methanogenesis on days 0, 2, 14, 21, 28 and 35 of the 

incubation, which appeared to capture the important dynamics of the system before 

methane production (0, 1, 2, 6, 9, 11 and 11 µmol/mL, respectively) and mcrA 

expression (mcrA transcript level peaked at day 7 with ~2.1x107 copies/µg mRNA) 

slowed.  Additionally, the strong correlation between methanogen transcript levels could 

be due to method differences.  In this study, qPCR was used to quantify mcrA copies in 

bulk DNA samples.  This assay does not evaluate viability or activity so is just a 

measure of the presence of this gene in the system.  Unal et al. (2012) relied on qPCR 

to measure the abundance of mcrA transcripts in the system, indicating the gene was 

being expressed and therefore, presumably utilized.  Because the Unal study measured 
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activity, a strong correlation of mcrA transcripts to methane production is expected.  

Additionally, these studies used different sample types (i.e., coal vs. produced water). 

With respect to the sulfate-reducing bacteria and acetogens, their relationship to 

methane production is less clear, so the lack of correlation to methane production is not 

necessarily surprising.  These two groups of microbes were selected for analysis based 

on their consistent presence in coalbed systems, their competition with methanogens 

for hydrogen and their potential to carry out different metabolic steps of the coal 

methanogenesis pathway; however, their roles in this system have not been 

conclusively established.  Therefore, the lack of correlation to methane production does 

not suggest that these organisms are not important to the system, but rather that in a 

complex system many organisms interact to carry out the methanogenic process.  

Jones et al. (2010) monitored sulfate-reducing bacteria over an incubation period; 

based on visual interpretation, not any formal correlation analysis, the peak in dsrB copy 

number per mL occurred on day 78 of the incubation, which aligned with the secondary 

phase of methane production.  In a study of brackish-marsh pore water (Tong et al. 

2013), the abundance of both methanogens (16S rRNA gene) and sulfate-reducers 

(dsrA gene), measured by qPCR, correlated with methane production rate increases 

across several marsh gradations.  In this study, more significant sampling during the 

early stage of the incubation would be necessary to fully capture the dynamics of the 

system and obtain more meaningful observations.         

The correlation of measured and predicted methane indicates that the variation in 

copy number can explain some of the variation in methane production, but that other 

factors are involved in the process.  The line of best fit has a slope close to 1; however, 

the measured data do not align well with the predicted data (Figure 4.3 Panel B).  This 

is largely due to the small amount of data collected in this study; more data would be 

necessary to develop more accurate predictions.  Also noteworthy is the fact that in this 

study, the only significant differences in data values occurred between days 0 and 25 

(time points 1-2).  Further research is needed to provide sufficient data to create a 

predictive model of methane production based on microbial data, which would be a 

potentially useful tool for the continued development of biogenic coalbed methane 

resources.   
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4.5.3:  Correlation of Organisms 

 In addition to the relation of the monitored organisms to methane, it is important 

to understand the relationships that exist between the organisms themselves.  As Table 

4.2 demonstrates, the correlations between methanogens, sulfate-reducers and 

acetogens within this system are very strong.  The R2 values for changes in mcrA, dsrA 

and fhs in oxidized and un-oxidized coal microcosms were above 0.98 and statistically 

significant, suggesting that these organisms are closely associated in this system.  It 

should be noted, however, that the most significant changes in copy numbers occurred 

between days 0-25 of the experiment, which strongly influenced the correlation results.  

Methanogens, acetogens and sulfate-reducing bacteria may compete for 

substrates such as hydrogen.  At standard conditions, sulfate reduction and 

methanogenesis are more thermodynamically favorable than homoacetogenesis (Dar et 

al. 2008). In complex systems, however, many factors (e.g., interspecies hydrogen 

transfer) may affect the actual thermodynamic values, making homoacetogenesis more 

favorable (Dar et al. 2008).  Therefore, in complex coal systems, it is not surprising that 

the behavior of microorganisms may not follow apparent thermodynamic rules.  The 

processes of methanogenesis and sulfate reduction are often considered to be mutually 

exclusive processes in anaerobic environments, typically separated by environmental 

gradients or time (Dar et al. 2008; Lovely and Klug 1983; Sørensen et al. 1981).  

Although the role of methanogens is clear, the role of sulfate-reducing bacteria and 

acetogens in coalbed systems has not been elucidated, though they have been 

regularly identified in these systems using a variety of tools (Green et al. 2008; Klein et 

al. 2008; Shimizu et al. 2007; Strąpoć et al. 2008; Ulrich and Bower 2008).  In this study 

methanogens (mcrA), sulfate-reducing bacteria (dsrA) and acetogens (fhs) were all 

consistently present in the system.  Although sulfate reduction was not directly 

measured in this study, acetate concentration was monitored over time.  Because both 

sulfate-reducing bacteria and acetogens can produce acetate as a by-product of their 

metabolism, their respective activities cannot be separated.  These data, along with the 

methane data, support concurrent activity of the methanogens, sulfate-reducing bacteria 

and acetogens.  Acetate in the un-oxidized microcosms decreased over time, which 

might suggest that acetoclastic methanogens are active; however, methane 
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concentration did not change significantly after day 25.  Therefore, other organisms 

likely utilized the acetate or methanotrophic organisms, mentioned previously, 

potentially consumed the methane being produced.  In the single microcosm sequenced 

in Chapter 3 (Un-ox.2a) that was one of three microcosms analyzed in this study, a 

significant population of Pseudomonas was present.  These organisms have the ability 

to utilize acetate, potentially depleting it in these microcosms.  Additionally, Clostridia 

and Bacteroidetes, which have demonstrated acetate utilization in environmental 

samples (Lanoil and Han 2006), were identified.  In the oxidized coal microcosms 

acetate concentration was more dynamic, decreasing and increasing over time, 

suggesting the utilization of acetate as well as the ongoing production of acetate.  

Again, significant methane was not generated in these microcosms after day 25 so 

organisms besides methanogens were active.  In the two microcosms sequenced in 

Chapter 3 (Ox.2a, Ox.2b) that were one of three microcosms analyzed in this study, 

Pseudomonas, Clostridia and Bacteroidetes were present as well as a significant 

population of Spirochaetes, which are acetate producers (Madigan et al. 2012).   

These data, as well as the consistent presence of all three microbial groups 

throughout the incubation demonstrates the potential for concurrent activity.  In addition, 

mcrA copy number, dsrA copy number and fhs copy number have a high positive 

correlation (Table 4.2).  These relationships suggest that these organisms grow and 

thus may each carry out their respective processes simultaneously in this system.  This 

is in line with Glossner (2013), who found that methanogenesis and sulfate reduction 

can occur simultaneously in coal microcosms, and that both functional groups compete 

for available substrates (e.g., acetate and hydrogen) at the concentrations that would be 

expected in coalbed systems.   

4.6:  Summary and Conclusions 

In this study, the temporal dynamics of three different functional microbial groups 

within laboratory coal incubations were examined to determine if presence of specific 

metabolic genes could be correlated to methane production and to better understand 

the roles of acetogens and sulfate reducers in this coal system.  The system has 
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complex microbial dynamics and methane production was moderately correlated to the 

prevalence of any of these groups of organisms.  The batch systems examined had the 

most activity in days 0 to 25 of the incubation, followed by a relatively stable community 

from days 25-180. These three microbial groups seemed to have established their 

required presence by day 25 of the incubation, which resulted in methane production 

but no further significant changes in copy numbers.   

This study also demonstrated the co-occurrence and strong correlation of 

methanogens and sulfate-reducers throughout the incubation.  Although their respective 

activities were not measured directly, the results suggest that these organisms can grow 

and potentially carry out their respective processes simultaneously.  Additional research 

is needed to capture the microbial dynamics of organisms that may be good predictors 

of methane production in order to sustain biogenic coalbed methane as a long-term 

energy resource.     
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CHAPTER FIVE:  IMPROVING STEM FOR K-8:  CURRICULUM, ASSESSMENT AND 

COLLABORATION 

This chapter is intended for publication in the Journal of Higher Education 

Outreach and Engagement.  Proposed title and authors are as follows: “Improving 

STEM for K-8:  Curriculum, Assessment and Collaboration” prepared by Lisa K. 

Gallagher and Barbara Moskal.  Co-author provided curriculum and assessment 

foundation as well as analysis and manuscript feedback.  Assessment of associated 

programs was carried out by Barbara Moskal and Lisa Gallagher.  Composition of this 

chapter and subsequent analyses were performed by Lisa Gallagher.   

5.1:  Abstract  

Curriculum has been developed through a partnership between Colorado School 

of Mines and local elementary and middle schools, which serve kindergarten through 

eighth grade (K-8).  This program, which has existed for approximately ten years, was 

originally developed as part of the National Science Foundation’s GK-12 programs and 

is designed to engage elementary and middle school students and their teachers in 

science, technology, engineering and mathematics (STEM).  The primary focus of these 

efforts is on the “E” in STEM due to the university’s strong engineering focus.  Literacy 

is included as an integral component of this program because of the emphasis that 

reading receives at the elementary school level. By embedding STEM into literacy 

instruction, the participating teachers have both the time and justification to include 

these lessons in their classrooms. Resources, training, and assessment are provided 

for the teachers and graduate students who are involved in this program.   

 Participating K-8 teachers and graduate students attend a two-week workshop 

the summer prior to their participation in the program.  During this workshop university 

professors, researchers and graduate students present information on STEM topics and 
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present hands-on activities for teachers and graduate students to implement in K-8 

classrooms.  These activities are designed with the assistance of graduate students 

who have previously participated in the program and who have at minimum one year of 

experience assisting in K-8 classrooms.  Lessons are designed to address standards-

based learning targets, making the activities more likely to be used by teachers.  During 

the academic year, science or engineering graduate students are assigned to assist in 

the classroom with participating teachers, supporting instruction up to 15 hours each 

week.  The graduate students’ role is to assist in the development and delivery of 

additional hands-on STEM activities throughout the academic year. They also act as 

inspirational role models to the young students. Fellows further participate in bi-weekly 

meetings that are designed to increase their classroom effectiveness. Through these 

meetings, topics such as English as a second language (ESL), special needs, and 

discipline are addressed. 

A primary objective of this program is to complete research on why K-8 students 

lose interest in mathematics and science and how this trend can be reversed or 

prevented.  Program assessment addresses these objectives by administering 

workshop pre- and post-tests on workshop concepts as well as surveys to evaluate 

student interest in mathematics and science.  For the 2011-2012 school year statistical 

evidence supports that students in the program have better attitudes toward science 

than students not in the program.  This impact was not evident for mathematics (i.e., 

there was no significant difference between students in the program and not in the 

program).  Additionally, improvement in teacher pre- to post- test scores has been 

consistent over the past ten years, indicating success in improving participating 

teachers’ content expertise.   

5.2:  Introduction 

Science, technology, engineering and mathematics, or STEM, is an identified 

area of concern in primary, middle and secondary schools throughout the United States 

(National Commission on Mathematics and Science 2000; President’s Council of 

Advisors on Science and Technology 2012).  It is well recognized that many American 



 

 97 

students are receiving a sub-par education in these areas, often due to a lack of 

resources and training of their pre-college teachers in STEM.  U.S. students 

consistently score below their international peers on standardized tests in mathematics 

and science (Martin et al. 2004). Yet, STEM knowledge is critical in today’s economy 

and a well-educated populace in STEM is considered essential to the U.S. for 

maintaining a global, economic competitive edge (Committee on Prospering in the 

Global Economy of the 21st Century 2007; National Science Foundation 2007). 

Although the U.S. is a global leader in STEM education development, lack of 

interest and education in STEM fields threatens our global position.  For example, only 

16 percent of American high school seniors demonstrate mathematics proficiency or 

display interest in pursuing a STEM career path (United States Department of 

Education 2013).  Furthermore, only 14 percent of current college degrees are awarded 

in STEM fields (Dobbs et al. 2012).  Of those that earn advanced degrees in STEM 

fields, about half enter a career in their area of expertise (United States Department of 

Education 2013).  According to recent reports, the United States is internationally 

ranked 17th and 25th in science and mathematics performance, respectively.  

Developing STEM proficiency, starting in the youngest grades, has been identified as a 

major challenge to the U.S. and there is a national push to close this gap (United States 

Department of Education 2013).  

The curriculum presented in this paper has been developed through a 

partnership between Colorado School of Mines (CSM) and local elementary and middle 

schools, which serve kindergarten through eighth grade (K-8).  This program, which has 

existed for approximately ten years, was originally developed as part of the National 

Science Foundation’s GK-12 programs and is designed to engage elementary and 

middle school students and their teachers in STEM.  The primary focus of these efforts 

is on the “E” in STEM due to the university’s strong engineering focus.  Literacy is 

included as an integral component of this program because of the emphasis that 

reading receives at an elementary level.  Many elementary teachers sacrifice classroom 

attention to science and mathematics in order to increase attention on reading 

proficiency. By embedding STEM into literacy instruction, the participating elementary 

teachers have both the time and justification to include these lessons in their 
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classrooms.  During the academic year, a science or engineering graduate student is 

assigned to assist in the classroom with a participating teacher, supporting instruction 

up to 15 hours each week.  The graduate student’s role is to assist in the development 

and delivery of additional hands-on STEM activities throughout the academic year.  

Resources, training, and assessment are provided for teachers and graduate students 

who are involved in this program.  The results and perspectives from this multi-year 

curriculum are presented in this paper. 

5.3:  Materials and Methods 

In this section the methods used to develop, implement and assess the 

presented curriculum are described.  District selection, graduate fellow recruitment, 

summer workshop implementation, academic year follow up, scientific resources and 

curriculum assessment are outlined.  

5.3.1:  District Selection  

This program targets districts with primarily minority and economically 

disadvantaged populations.  The resultant curriculum has been implemented and field-

tested in multiple districts throughout the state including:  Adams County District 1, 

Adams County District 14, Adams County District 50, Bennett School District, Brighton 

School District, Cherry Creek School District, Delta School District, Denver Public 

Schools, Douglas County School District, Fort Vrain School District, Jefferson County 

School District, Mesa County School District, Montezuma-Cortez School District, 

Montrose County School District, Ouray Public School District, Plateau Valley School 

District, Sheridan School District, and Strasburg School District. 

5.3.2:  Graduate Fellow Recruitment 

Graduate students are recruited by participating faculty from various departments 

across campus, such as engineering (e.g., general engineering, mechanical, electrical, 

environmental), mathematics, chemistry and physics.  All applicants are majoring in 
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STEM fields; none are training to be future K-12 teachers. Through the application 

process, graduate students explain, in writing, their motivation to teach in elementary or 

middle school STEM classrooms. They also provide letters of support from faculty 

members, including commitments to this program from graduate advisors. Throughout 

the academic year, the selected graduate teaching fellows are provided assistance that 

covers tuition, fees, insurance and a stipend for 20 hours per week of work.  Funds to 

support this component of the project are provided by the Bechtel Educational 

Excellence Initiative and the NSF’s GK-12 program.  After one academic year of 

participation, selected fellows are given the opportunity to assist in developing and 

implementing a STEM summer workshop for K-8 teachers or in other summer STEM 

outreach activities. Graduate students may remain in this program for up to two 

academic years; most graduate students secure research positions following this 

program.   

5.3.3:  Summer Workshop 

Participating K-8 teachers and graduate teaching fellows attend a two-week 

workshop during the summer prior to their participation in this program.  This is the 

same workshop that many participating graduate fellows assist in implementing during 

their second summer. During this workshop, university professors, researchers and 

graduate students present lessons based on STEM fields of interest, using hands-on 

activities designed for the K-8 classroom, to participating teachers and first-year 

graduate fellows. These activities are designed with the assistance of the graduate 

teaching fellows who have previously participated in the program and who have a 

minimum of one year of experience assisting in K-8 classrooms.  Lessons are designed 

to address standards-based learning targets, making the activities more likely to be 

used by teachers.  Elementary lessons include a literacy component.  

The summer workshop is reliant upon faculty, researcher and graduate student 

participation.  Each “session” is developed to address topics that allow participants to 

teach about their areas of expertise, while at the same time educating the teachers and 

providing them activities and resources to use in their classrooms.  Faculty who teach 
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the summer workshops are not compensated through this project; rather faculty 

participate in this project as part of the broader impacts component of their research 

grants. The workshop actually consists of two workshops, with teachers attending 

workshop one the first year and workshop two in the second year of participation. 

Sessions range in length from one to three hours and typically combine lecture and 

discussion with hands-on activities.  Previous sessions include: Coal, oil and gas, 

Electricity and magnetism, Circuits and current, Batteries and energy storage, Hydrogen 

and fuel cells, Math games, Optics, Photovoltaics, Beginning computer programming, 

Solar energy, Biofuels, Geology, Hydro power, Materials science, Nuclear energy, 

Physical states and phase changes, Water conservation and reuse, Water treatment, 

Wind forecasting and mechanical systems. The content of these workshops changes as 

research completed on campus changes.  

5.3.4:  Academic Year Follow-Up 

Throughout the academic year, the graduate teaching fellow is assigned to assist 

the same two or three teachers in the classroom each week, for up to 15 hours every 

week. This means that each teacher receives a minimum of five hours of direct 

classroom support on a weekly basis. The graduate teaching fellows’ role is to assist in 

the development and delivery of additional hands-on, research-based STEM activities 

throughout the academic year.  Fellows also act as inspirational role models to the 

young students.  Graduate teaching fellows further participate in bi-weekly meetings, 

which are designed to increase their classroom effectiveness.  Through these meetings, 

topics such as English as a second language (ESL), special needs, and discipline are 

addressed.  Additionally, graduate teaching fellows are required to participate in 

outreach events focusing on STEM education in the community (e.g., science fair 

judging, STEM carnivals, after-school STEM clubs).   

5.3.5:  Educational Resources 

In addition to the training and support discussed previously, participating 

teachers and graduate students have access to a large collection of supplies and lesson 
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plans.  A program “supply closet” includes complete kits for classroom activities, which 

were developed and tested in the classroom over the last ten years of this project.  

Additionally, lesson plans developed for individual fellow/teacher teams or for the 

summer workshop are also available for ongoing use.  These lessons have been used 

in multiple settings and have been formatively improved.  All lesson plans are available 

through a project website, and the materials necessary to implement these lessons are 

available in the program supply closet. These resources provide the new graduate 

teaching fellows and teachers with a starting point of developed and classroom-tested 

lessons. Their job is to utilize these resources and eventually contribute to their 

expansion. 

5.3.6:  Curriculum Assessment  

Assessment is a critical component of this program and is used to understand 

the effectiveness and transferability of the implemented curriculum.  Formative 

assessment tools include questionnaires and focus group feedback to collect 

information that may be used to improve curriculum components during implementation.  

Summative assessment tools include student attitude surveys, program impact surveys 

and workshop pre- and post-test performance.   

Prior to the academic year, the summer workshop is assessed formatively using 

comment cards, on which teachers and graduate teaching fellows address what they 

liked and did not like about each session.  This allows the sessions to be improved upon 

during the current workshop, as well as in future years.  Additionally, the workshop is 

evaluated using pre- and post-tests that evaluate content knowledge of teachers and 

fellows before and after the workshop.  The test contains several multiple-choice 

questions from each major session in the workshop.  These questions are developed by 

content experts (faculty) and are reviewed by an assessment expert to ensure they 

meet the guidelines for the development of valid multiple-choice questions. The results 

of this assessment are discussed in the results section of this article.  

During the academic year, the curriculum is assessed using several methods.  

Throughout the fall semester, graduate teaching fellows attend bi-weekly meetings, 
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during which they discuss how things are going in the classroom and what could be 

improved.  This supports ongoing improvement during the semester, as well as 

troubleshooting any issues that arise in a timely manner.  At the end of the fall 

semester, teachers and graduate fellows complete program impact surveys that 

address the uses of the teaching fellows, lessons, successes and failures and what 

improvements may be made.  Again, these comments are considered and implemented 

during the current academic year and future years.  Near the end of the spring 

semester, after two semesters of hosting a graduate teaching fellow in their classrooms, 

elementary and middle school students are given surveys to gauge their attitudes 

toward mathematics and science as compared to students who have not participated in 

the program.  Additionally, teachers and fellows complete program impact surveys at 

the end of the academic year.  

5.3.7:  Example Lesson 

The following lesson was developed by graduate teaching fellows, and has been 

further improved upon by summer workshop session leaders and by formative 

assessment feedback.  The lesson is presented in the general format used in this 

curriculum.  This lesson builds upon a complete water unit, which is taught in the 

summer workshop.  Previous lessons address the water cycle and incorporate literacy, 

so they are not addressed in this lesson.  

 

Edible Aquifers 

Lesson Objective:  The objective of this lesson is to understand what an aquifer is and 

how pollution can get into subsurface water (groundwater).  Also how pumping can 

draw down groundwater.  This lesson will allow the students to model and understand 

how their local groundwater can be contaminated by activities from humans at the 

surface.  Note: This lesson has been adapted from The Groundwater Foundation-

http://www.groundwater.org/kc/activity5.html 
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Science Standards Addressed: 

Standard 1: Physical Sciences 

3rd Grade: Expectation 1 – Matter exists in different states such as solids, liquids and 

gases and can change from one state to another by heating and cooling 

 

2nd Grade: Expectation 1 – Organisms depend on their habitat’s nonliving parts to 

satisfy their needs 

 

4th Grade: Expectation 3 – There is interaction and interdependence between and 

among living and nonliving components of systems 

 

Standard 3: Earth System Science 

5th Grade: Expectation 1 – Earth and sun provide a diversity of renewable and 

nonrenewable resources 

 

Materials (Please provide enough for each student to make their own): 

Clear drinking cups (12oz. or larger) 

Crushed ice 

Vanilla ice cream 

Clear soda 

Mini chocolate chips/crushed cookies/graham crackers 

White or clear sprinkles 

Drinking straw 

Food coloring 

 

Estimated Time: 30-45 minutes 

 

Vocabulary Words: 

Aquifer – A rock layer or sequence that contains water and releases it in appreciable 

amounts.  The rocks contain water-filled pores that, when connected, allow water to flow 

through their matrix. 
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Groundwater – Water found in the spaces between soil particles and cracks in rocks 

underground located in the saturation zone.  Cracks in rocks can be due to joints, faults, 

etc.  Groundwater is a natural resource that is used for drinking, recreation, industry and 

growing crops.   

 

Confining Layer – Geologic material with little or no permeability or hydraulic 

conductivity.  Water does not pass through this layer or the rate of movement is 

extremely slow.   

 

Background: 

What is an Aquifer? 

An aquifer is any rock or sediment with spaces that hold water, and through which 

significant quantities of water move.  The water contained in these underground spaces 

is called groundwater.  Groundwater is drawn from wells to provide water for everything 

from drinking water for the home and business, to water for irrigating crops, to industrial 

processing water.  Examples of aquifers include: sand and gravel layers, fracture 

systems in brittle rocks, and fracture systems or solution cavities in easily dissolved 

rocks, such as limestone.  Aquifers have connected pores or open fractures through 

which fluid may flow.  As an analogy, consider a glass filled with crushed ice and soda, 

with a straw in it.  The ice is equivalent to the sand and gravel aquifer, the soda is like 

the ground water that flows around and between the “grains,” and the straw is like the 

well.  It can be used to “pump” water out of the aquifer.   

 

Lecture: 

Talk to students about groundwater and where they may have encountered it before:  

seen a spring come out of a rock?  The well in the story of the little boy that fell in the 

well?  Drinking well water? 

Ask students where they think the oil or chemical from a spill goes.  Is it important to 

clean up or will it just “go away”? 

Optional:  Groundwater video:  http://www.leapingmedia.com/groundwater.html 
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Activity Procedure: 

 

• Construct your aquifer by filling a clear plastic cup half full with crushed ice.  This 

represents the gravels that hold groundwater. 

• Add enough soda to just cover the ice.  The soda represents groundwater. 

• Add a layer of ice cream (packed pretty tight) to serve as a “confining layer” over 

the aquifer.  In nature, the confining layer is made of impermeable materials such 

as clay that impede the movement of water into and out of the aquifer.   

• Add a layer of mini chocolate chips and then sprinkles to represent the topsoil.   

• Add a couple of drops of food coloring to the topsoil.  This represents 

contamination.  Discuss the possible sources of the contamination.  

• Using a drinking straw, drill a “well” into the center of your aquifer.   

• Slowly begin to pump the well by sucking on the straw.  Watch the decline in the 

water table.  Watch as food coloring gets sucked into the well area and 

eventually enters the groundwater.  

• Review what you have learned as you enjoy eating your edible aquifer! 
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Additional concepts that can be simulated with this activity: 

 

• Subsidence – After “pumping” the well by sucking the soda down watch how the 

area around the well starts to sink, representing subsidence. 

 

• Recharge – Recharge your aquifer by slowly adding more soda, which 

represents a rain shower.  In some places, artificial recharge is used to replenish 

aquifers.  This is accomplished through the pumping, or injection, of water into 

wells where it replenishes the aquifer directly or through the spreading of water 

over the land surface where it can seep into the ground.  Artificial recharge is 

done to replenish the groundwater supply when rains are heavy in order to 

preserve water for later use or, in the case of injection wells, to dilute or control 

the flow of contaminated groundwater.   
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5.4:  Results 

This section provides the results from the workshop pre- and post-tests, as well 

as hypothesis tests, test statistics, critical values, p-values, and conclusions for the five 

student survey questions that were analyzed.  Additionally, the results of program 

impact surveys completed by teachers and fellows are included.  The first section 

details the workshop pre- and post-test results, the second section details the results of 
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the student attitude surveys and the final section presents the results of the program 

impact surveys.   

5.4.1:  Workshop Pre- and Post-Tests 

The workshop pre- and post-test assessment has seen a consistent trend over 

the past 10 years, where workshop participants (both teachers and graduate teaching 

fellows) display a statistically significant increase in their scores from pre- to post-test.  

The summer 2013 data reflected the same result.  Of the 32 participants, all had an 

increase in performance from pre- to post-test.  The mean score on the pre-test was 

15.03, while the mean score of the post-test was 19.00. This was found to be 

statistically significant at alpha = 0.05.  These consistent results indicate that the 

program, and more specifically the content in the summer workshop, is improving the 

STEM knowledge of the teachers and fellows.  Figure 5.1 and Figure 5.2 display 

individual teacher (and fellow, in Figure 5.2) performance improvements for workshops 

one and two, respectfully.  

 

 

Figure 5.1.  2013 workshop one participating teacher scores on pre- and post-tests.  
Scores are reported as number of correct answers out of 26 questions. 
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Figure 5.2.  2013 workshop two participating teacher and fellow scores on pre- and 
post-tests.  Scores are reported as number of correct answers out of 26 questions. 

5.4.2:  Student Attitude Surveys 

Student attitude surveys are completed by the students in class each spring, and 

are completed in class.  Data are compared to “control” classrooms, or classrooms that 

have not participated in the program but are located in the same school.  Five questions 

from the survey were analyzed, three that addressed science and two that addressed 

mathematics.  

  Data from the 2011-2012 academic year indicate that students in the program 

have better attitudes about science (e.g., interest in science, belief that they are good at 

science, belief that they can be good at science) than those not in the program (alpha = 

0.05).  Conversely, there was no significant difference in the attitudes of participating 

and non-participating students regarding mathematics.  Prior to analysis of the 2012-

2013 academic year data, several statistical tests were performed to ensure that 1) the 

classroom samples were independent, and 2) the combined data met the necessary 
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The questions analyzed, null and alternate hypotheses, test statistics, critical values and 

p-values for this data set can be found in Table 5.1.   

Table 5.1.  Null and alternate hypotheses, test statistics, critical values and p-values for 
2012-2013 student attitude surveys (alpha = 0.10). 

Question Ho Ha Test statistic Critical value p-value 

Are you good at science? pt ≤ pc pt > pc 2.085 1.282 0.019 

Is science difficult for you? pt ≥ pc pt < pc 0.205 1.282 0.419 

Is science easy for you to learn? pt ≤ pc pt > pc 0.483 1.282 0.314 

Is math hard for you? pt ≥ pc pt < pc 1.386 1.282 0.083 

Do you have trouble solving 

math problems? 

pt ≥ pc pt < pc 0.266 1.282 0.395 

 

Based on the resulting p-values, two of the questions were found to be 

significantly different between treatment and control classrooms (alpha = 0.1).  The first 

question, “Are you good at science?” resulted in a greater proportion of “yes” responses 

in the treatment classrooms than the control classrooms, indicating better attitudes 

toward science.  The second question, “Is math hard for you?” resulted in a lower 

proportion of “yes” responses in the treatment classrooms than the control classrooms, 

indicating better attitudes toward students’ abilities in mathematics in treatment 

classrooms.  Further work will be done to analyze additional student attitude survey 

data to gain a broader perspective on curriculum impacts.   

5.4.3:  Program Impact Surveys 

 Program impact surveys are completed after each academic year by participating 

teachers and fellows.  The surveys are completed online and cover topics that evaluate 

program effectiveness.  Figure 5.3 presents the results of a set of questions from the 

program impact surveys from the 2012-2013 academic year.  The column on the left of 

Figure 5.3 addresses questions regarding the teachers’ knowledge and understanding 

as a result of participating in the program.  The right-hand column addresses questions 
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about interest in math, science and engineering after program participation.  The results 

demonstrate that teachers agree that they have greater confidence in their scientific 

knowledge and have gained a better understanding of how to use this knowledge in 

scientifically rich literacy and hands-on lessons.  Additionally, Figure 5.3 shows that the 

interest of the participating teachers increased in science, math and engineering in 

response to program participation.  In math and engineering, 75% of teachers agreed or 

strongly agreed that their interest increased, while science had 94% agreement.   

An important aspect of the program to evaluate is fellow performance.  Figure 5.4 

displays the results of two questions addressing this topic from the 2012-2013 program 

impact survey.  When asked if their fellow provided a positive role model to students in 

math and science 87% of teachers strongly agreed and 13% agreed.  Additionally, 

teachers were asked to rate the support provided by their fellow in the classroom on a 

scale of 1-5, with 5 being the best and 1 being the worst.  In this case, 75% of teachers 

rated their fellow support at 5, 19% at 4 and 6% at 3.   

In addition to evaluating whether participating teachers had an increase in 

understanding and interest in program topics, it is important to assess whether the 

resources provided suit the needs of the teachers and allow them to be better STEM 

teachers.  When asked whether the resources provided by the project have positively 

impacted their classrooms, 94% of teachers either agreed or strongly agreed (Figure 

5.5).  Additionally, when asked if the opportunities they have been offered as a result of 

program participation the majority of teachers responded with agree (44%) and strongly 

agree (47%).  As a result of participating in this program teachers agreed or strongly 

agreed that they have been better able to expose students to cutting edge research in 

math and science (54% and 38%, respectively) and have been better able to convey to 

their students the importance of math and science (46% and 54%, respectively).   
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Figure 5.3.  2012-2013 participating teacher responses to program impact surveys 
regarding knowledge and interest.  Results are presented as percentage of respondents 
(n=32).   
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Figure 5.4.  2012-2013 participating teacher responses to program impact surveys 
regarding fellow performance.  Results are presented as percentage of respondents 
(n=32). 

5.5:  Conclusion 

For a curriculum such as this to be a success, it must address the needs of the 

teachers and students, as well as demonstrate benefits for the graduate students 

assisting in the classroom.  The benefits of teacher participation in this curriculum are 

multiple including increased content knowledge, how to use scientifically rich literacy 

and hands-on lessons in the classroom, and an increased overall interest in STEM 

subjects.  Teachers who participate in the program agree that the resources and 

opportunities provided by the program have positively impacted their classrooms, and 

as a result of participation they are better able to expose their students to cutting edge 

research in STEM and convey the importance of these fields.  Teachers feel that the 

fellows have a positive impact on their students and rate their performance very high 

overall.  Student benefits are demonstrated by improved attitudes with respect to math 

and science, as evaluated in the student attitude surveys.  Finally, the participating 

fellows agree that their presentation and communication skills improve as a result of 

program participation.  Improvement in collaboration and communication can greatly 

benefit graduate students over the course of their education and future careers.  Finally, 

fellow interest in volunteer outreach as well as incorporation of outreach into their future 
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career plans is significant, as educating future generations in STEM is on the forefront 

of importance to our nation’s future.   

 

 

Figure 5.5.  2012-2013 participating teacher responses to program impact surveys 
regarding opportunities and resources provided.  Results are presented as percentage 
of respondents (n=32). 
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Figure 5.6.  2012-2013 participating fellow responses to program impact surveys 
regarding communication skills and outreach interest in the future.  Results are 
presented as percentage of respondents (n=19).   
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The results and perspectives from this multi-year curriculum have been 

discussed within and support this curriculum design.  The workshop pre- and post-tests 

demonstrate that participation in the program results in improved teacher learning.  The 

consistency of this trend solidifies the effectiveness of this curriculum.  Furthermore, 

based on surveys throughout the academic year, teachers feel that the program 

benefits are numerous, including increased confidence and interest in STEM, a greater 

understanding of how to embed hands-on STEM learning in the classroom, increased 

confidence in how to use scientifically rich literacy in the classroom, and access to 

STEM resources that have positively impacted their classrooms.  In addition to teacher 

benefits, evidence supports that the participating students benefit, based on improved 

attitudes with respect to science and mathematics, as compared to control students.  

Participating teaching fellows benefit as well, reporting improved communication skills 

and interest in educational outreach.  Overall, this program has demonstrated benefits 

to all participants and its transferability to multiple school districts and a variety of 

grades, supporting the continued and expanded use of this curriculum.   
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CHAPTER SIX:  CONCLUSIONS AND RECOMMENDATIONS 

 The finite nature of fossil fuel-based energy has increased interest in cleaner, 

more efficient, renewable energy resources.   Biogenic coalbed methane is an energy 

source produced by communities of microorganisms that carry out methanogenesis 

from coal in the subsurface.  The methane produced by these systems currently 

contributes about 40% to the total amount of CBM produced in the world (Strąpoć et al. 

2011).  Combustion of methane gas has less impact on the environment, as compared 

to combustion of oil and gas, which favors its use as an energy source.   

6.1:  Summary of Research Conclusions 

 Although CBM is currently utilized as an energy resource, the fundamental 

factors influencing methane generation from coal are not well understood.  This 

research focused on characterization of the microbial communities that carry out 

methanogenesis from coal and how coal and treatment variations impacted these 

communities and the resulting methane production.  The conclusions of this research 

are presented in the following sections.   

6.1.1:  Characterization of Coal-Associated Microbial Communities of Productive and 

Unproductive Coals 

 In order to carry out the biodegradation of a complex substrate like coal, a 

microbial community with diverse metabolic abilities is required.  One area that lacks 

much information is how community structures differ between methanogenically 

productive and unproductive coal systems.  Chapter 2 focused on characterizing 

microbial communities of productive and unproductive microcosms to determine if there 

was a difference in the community structures that could explain methane production 
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differences.  In this study, significant methane production was demonstrated in some 

coal microcosms evaluated.  Microbial community structures were different between 

productive and unproductive microcosms and identification of important organisms and 

threshold copy number values for methane production were identified.  Significant 

specific conclusions from this chapter included: 

 

• 10 of 18 microbial communities evaluated demonstrated the ability to produce 

appreciable amounts of methane by utilizing coal as a sole carbon source.   

 

• Microbial communities were different between productive and unproductive 

microcosms, based on phylogenetic analysis.   

 

• Microbial members of the community required for methane production were not 

conclusively identified, but Pelobacter was strongly correlated to methane 

production, supporting its involvement in methanogenesis from coal.   

 

• Productive microcosms in this study had methanogenic populations that were 

dominated by Methanosarcina, a group of metabolically versatile methanogens 

that primarily carry out acetoclastic methanogenesis.  

  

• Copy number thresholds of 107 copies/mL (mcrA), 106 copies/mL (dsrA) and 105 

copies/mL (fhs), below which methane production was limited, were identified.  

   

• Based on the similarity of diversity between productive and unproductive 

microcosms, diversity metrics alone were not a useful predictor of 

methanogenesis in this system.   
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6.1.2:  The Effect of Coal Oxidation on Methane Production and Microbial Community 

Structure in Powder River Basin Coal 

 The conversion of coal to methane by microorganisms has been demonstrated 

experimentally by a number of research groups, but coal handling and treatment prior to 

incubation often goes unreported and may impact biogenic methane production.  

Additionally, anecdotal evidence suggests that coalbed dewatering leads to coal 

oxidation, potentially impacting methane production.  There is little experimental 

evidence that evaluates the impact of coal oxidation on methanogenesis from coal.  

Chapter 3 focused on the impact of coal oxidation on methane production and microbial 

community structure.  Oxidation of coal resulted in reduced methane production and 

changes in the microbial community structure.  The significant conclusions from this 

chapter are presented below: 

 

• Although the magnitude of methane production differed between experiments, 

the oxidized coal microcosms consistently produced between 50 and 100 

micromoles less methane per gram of coal than the un-oxidized microcosms. 

 

• Coal oxidation consistently decreased the fraction of methanogens in each 

experimental community; however, no definitive change in the bacterial 

community could be correlated to coal oxidation.   

 

• Specific methanogens were identified in the different treatments and their relative 

prevalence supported the relative level of methane production. 

 

• The un-oxidized, un-inoculated microcosm from the second experiment 

demonstrated the presence of a viable microbial consortium capable of 

producing methane from coal at levels comparable to the inoculated microcosms.  

This suggests that, under the conditions of these experiments, the native 

microbes are important to methanogenesis from coal.   
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• Although coal oxidation decreased methane production, oxidation was not a 

primary factor in the variation between microcosm community structures.  

6.1.3:  Temporal Dynamics of Three Functional Microbial Groups Associated with 

Methane Production from Powder River Basin Coal Incubations 

 An important aspect of microbial methanogeneis from coal is not only the 

organisms present in the system, but how the microbial ecology of the system changes 

over time and under variable conditions.  Chapter 2 characterized the microbial 

communities of various coal incubations and in this Chapter the focus was on 

monitoring the temporal dynamics of methanogens, sulfate-reducers and acetogens to 

determine if specific organism prevalence could be correlated to methane.  The system 

proved to have complex microbial dynamics and methane production was not strongly 

correlated to the prevalence of any of these groups of organisms.  The significant 

conclusions from this chapter are presented below: 

 

• Coal microcosms demonstrated significant activity between days 0 and 25 of the 

incubation, with methanogens, sulfate-reducers and acetogens establishing their 

required presence by day 25 with no significant change in copy numbers after 

day 25. 

 

• Methanogen copy numbers were consistently higher than sulfate-reducer or 

acetogen copy numbers throughout the incubation period.   

 

• Methane production was not correlated to the prevalence of methanogens, 

sulfate-reducers or acetogens in this system. 

   

• Changes in mcrA, dsrA and fhs copy numbers were highly correlated, suggesting 

significant interaction of these organisms and their involvement in 

methanogenesis from coal in this system.   
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6.2:  Research Contribution and Significance 

 Upon examination of productive and unproductive microcosms, native microbial 

populations demonstrated the ability to produce methane from coal.  Community 

analysis identified a strong correlation of Pelobacter abundance to methane production.  

Analysis of microbial communities also informed the finding that diversity metrics alone 

are not a good indicator of methane production potential, so although this analysis is 

often performed, its usefulness to actual prediction is not likely.  Perhaps the most 

important finding was the copy number threshold values below which limited methane 

was produced.  This type of assessment has not been performed to our knowledge in a 

coal-associated system, but may be a significantly useful tool for methane production 

evaluation.   

 Understanding how coal oxidation impacts methane production and the microbial 

community structure is essential when considering coal samples that are evaluated to 

inform this field of research.  When coal communities are being evaluated we must 

consider the treatment of samples, both in the field and in the lab, before comparisons 

can be made.  Coal oxidation was found to consistently decrease methane production, 

supporting the need for improved reporting of coal conditions prior to experimentation.  

Although coal oxidation did impact the methanogen population, it was not a primary 

factor for microbial community differences.  This research also brought to light the 

importance of the native, coal-associated microbes, as they were able to produce 

amounts of methane on par with inoculated microcosms.  These results demonstrated 

that coal handling and treatment are important.  The oxidation state of tested coal, in the 

seam itself as well as how coal samples are handled and stored, appears to be 

important to the extent of methanogenesis from coal and is a factor that must be 

considered when comparing inter-laboratory studies.   

 Evaluation of microbial dynamics over time reveals information related to the 

interaction of microbial groups within the system.  Quantitative PCR provides useful 

information to assess the prevalence of specific microbial groups.  Coal incubations 

analyzed demonstrated significant activity in the first 25 days, followed by a surprisingly 

stable community incubated to 180 days.  This supports early, intense sampling in coal 

incubations to fully capture the microbial dynamics of the system.  Microorganisms were 
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not correlated to methane production, but were highly correlated to each other, 

suggesting the importance of methanogens, sulfate-reducers and acetogens to the 

system.   

 Previous studies have examined microbial communities from coal basins around 

the world.  Although DNA sequencing has been performed, the use of high-throughput 

sequencing (i.e., pyrosequencing) is limited in coalbed systems; this research provides 

a foundation for analyses that can be performed on such data sets in order to extend 

community analysis to applied analyses that can be useful to the field.  Quantitative 

PCR has been used to enumerate organisms in coal systems, but most studies only 

examine methanogens.  This work represents a significant contribution to understanding 

the requirements of a productive methanogenic community based on identified copy 

number threshold values for the functional groups evaluated in this research.  

6.3:  Recommendations for Future Research 

 This research provides findings of note to further the understanding of 

methanogenesis from coal.  A number of areas were identified as worthy of additional 

research including: 

 

• Replicating DNA sequencing and qPCR analyses with a significantly larger 

sample size.  Recreating the findings in large datasets will demonstrate the utility 

that these analyses can have for CBM systems that need diagnostic analyses.  

Specific organism correlation to methane production, if present in larger datasets, 

would be very useful to inform future studies related to production of methane 

from coal.  Additionally, the copy number thresholds for functional genes could 

be used diagnostically in systems that are unproductive or demonstrate that a 

system may be biologically productive.  By reproducing these analyses with 

larger datasets, these tools could be used to ensure the continued production of 

CBM for use as an energy resource.   

 



 

 122 

• Performing phylogenetic analyses using multiple 16SrRNA databases.  Although 

most studies of coal-associated systems have used the SILVA database, 

significant variation may exist in phylogenetic assignment (and all downstream 

analyses) based on the database selected.  Focusing on this topic would help to 

better understand the validity of the microbial characterizations that are 

becoming prevalent in this field and allow future researchers to make informed 

decisions that are relevant to their specific system regarding database selection.   

 

• Evaluating the degradation and subsequent methane production from maltene 

and asphaltene coal fractions.  Several groups have evaluated the available 

labile carbon release upon pre-treatment, but whether microbes utilize different 

fractions preferentially is unknown.  By understanding whether microbes 

preferentially utilize either fraction, potential recommendations may be made for 

coal pre-treatment strategies. 

 

• Identifying anaerobic metabolites of interest, as indicators of methane production.  

Metabolites may be identified by evaluating methane production of incubated 

microcosms with variable treatments, performing extractions on the liquid 

fraction, and analysing these extractions using gas chromatography-mass 

spectrometry (GC-MS).  Identification of characteristic metabolites of 

methanogenesis from coal could prove to be a useful tool for CBM development.   

 

• Performing Stable Isotope Probing (SIP) analysis, using coal system substrates 

such as acetate and carbon dioxide.  This information would be a significant step 

toward understanding the activities of specific organisms in coal systems, about 

which very little is known.  Results of this work could inform design of field 

applications for enhanced CBM production.   
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LIST OF ABBREVIATIONS 

16S rRNA  16S ribosomal ribonucleic acid 

ARDRA  amplified ribosomal DNA restriction analysis 

BESA   bromoethanesulfonic acid 

BG   Big George 

BLAST  basic local alignment search tool 

BSTFA  N,O-Bistrifluoroacetamide 

BTU   British thermal unit 

CBM   coalbed methane 

CSM   Colorado School of Mines 

DMSO  dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

dsrA   dissimilatory sulfite reductase, subunit alpha 

ESL   English as a second language 

fhs   formyltetrahydrofolate synthetase 

FID   flame ionization detector 

FISH   fluorescence in situ hybridization 

GC   gas chromatography 

HF   high fidelity (buffer) 

HPLC   high performance liquid chromatography 

K-8   kindergarten through 8th grade 

mcrA   methyl-coenzyme M reductase, subunit alpha 

MS   mass spectrometry 

OTU   operational taxonomic unit 

PCoA   principal coordinate analysis 

PCR   polymerase chain reaction 

PRB   Powder River Basin 

PVC   polyvinyl chloride 

QIIME   quantitative insights into microbial ecology 

qPCR   quantitative (real-time) polymerase chain reaction 
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RPSEA  Research Partnership to Secure Energy for America 

SIP   stable isotope probing 

STEM   science, technology, engineering and math 

TCF   trillion cubic feet 

UPGMA  unweighted pair group method with arithmetic mean 

USEIA  United States Energy Information Administration 

USGS   United States Geological Survey 

UV/Vis  ultra violet/visible 
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APPENDIX B 

 Coalbed methane represents an increasingly important source of domestic 

energy in the United States comprising approximately 7.5% of natural gas consumption 

(USEIA 2009).  The presence of biogenic methane in some CBM reservoirs, in 

combination with findings that microorganisms (both naturally occurring and lab 

preparations) have the ability to degrade coal and generate methane as an end-product 

suggest methanogenesis may be an extant process occurring in these habitats.  It 

follows that microbial CBM formation is an important process to understand because of 

its economic as well as environmental implications; however, questions still remain 

regarding what fraction of the coal is used by or most bioavailable to the microbial 

populations and whether this material can be altered to support enhanced levels of 

methanogenesis.   

This research aims to evaluate the effects of various pre-treatments on the 

extractable fraction of coal to better understand the impact on biogenic methane 

formation. Furthermore, extractions to identify anaerobic metabolites are described 

within, with an overall goal to identify characteristic markers of methanogenesis from 

coal.  Finally, this research also describes DNA sequencing analysis of various 

amendments aimed at enhancement of biogenic methane production to determine their 

effect on the native microbial communities.   

B.1:  Coal Pre-Treatment and its Effects on Extractable Organic Matter 

This research examined the effects of various pre-treatments on the extractable 

fraction of coal in order to better understand their influences on biogenic methane 

formation.  Various pre-treatments were used and their ability to release soluble organic 

compounds from coal was evaluated.  Identification of pre-treatments that result in the 

most soluble coal compounds released can inform further research to understand how 

and if microbes use the resulting fractions.   
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B.1.1:  Materials and Methods 

 Coal was collected by research partners at the University of Wyoming and 

originated from the Upper Wyodak Formation in the PRB.  Coal samples were collected 

in PVC containers, filled with formation water (no headspace), transported back to the 

lab and stored at ~5°C (Huang et al. 2013).  Coal was pre-treated with KMnO4, H2O2 

(catalyzed), HNO3 or NaOH.  The liquid fraction was removed and the coal solids were 

used for further analysis.  Fifty grams of each pre-treated coal as well as an untreated 

preparation was exhaustively extracted (Soxhlet method) with chloroform to determine 

the effect on extractable organic matter and the resulting hydrocarbon distribution 

pattern.  The extractable bitumen fraction was determined after the Soxhlet extraction 

step, after roto-evaporation and concentration.  Maltene and asphaltene fractions were 

separated using solvent replacement in iso-octane (maltene fraction) and chloroform 

(asphaltene fraction).  Finally, column chromatography was used to separate the 

fractions for GC-FID analysis.   

B.1.2:  Results and Conclusions 

 The extracted coal fractions, in milligrams per gram of coal, are presented in 

Figure B.1.  Pre-treatment with nitric acid had the greatest effect, increasing the bitumen 

content four-fold relative to the untreated sample; most of this increase resided in the 

asphaltene fraction, which was approximately 28-fold higher for the acid-treated sample.  

In contrast, bitumen content was decreased by half in replicate samples that were pre-

treated with either hydrogen peroxide potassium permanganate or sodium hydroxide, 

suggesting that these pre-treatments may be less effective at mobilizing biodegradable 

organic matter and supporting methanogenesis in situ.   
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Figure B.1.  Extracted coal fractions. Asphaltene is represented by green bars, maltene 
is represented by red bars and the bitumen content is represented by blue bars.   

 With respect to the resulting hydrocarbon distributions, the nitric acid was the 

only pre-treatment that resulted in a unique chromatogram as compared to the 

untreated coal (Figure B.2 Panel B).  Results from this research indicate that pre-

treatment with nitric acid had significant increases in bitumen content, more specifically, 

the asphaltene fraction.  Further research is necessary to evaluate whether this fraction 

is utilized by microbial communities to produce methane, which may provide clues into 

how methanogenesis from coal may be enhanced.   

B.2:  Anaerobic Metabolites of Coal Methanogenesis 

 The goal of this research is to evaluate an extraction method from the literature 

for its use on coal and to determine if characteristic anaerobic metabolites can be 

identified using this method.  Prediction tools that allow field evaluation of sites for their 

potential to generate biogenic CBM are an area of interest in CBM.  Previous research 

by Gieg and Suflita (2002) used a liquid-liquid extraction method to remove the organic 

compounds from petroleum-contaminated water.  This method was evaluated for its use 

with coal microcosms and GC-MS was used to evaluate changes in hydrocarbon 

distributions between various microcosm conditions.   
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Figure B.2.  GC-FID chromatogram of untreated coal (Panel A) and nitric acid pre-
treated coal (Panel B). 

B.2.1:  Materials and Methods 

 Microcosm incubations were set up using 5 grams of coal from the PRB (Big 

George seam), 50 mL of carbon-free medium (as described in previous chapters) and 

provided a 4:1 N2/CO2 headspace (14kPa).  Microcosms were sacrificed upon analysis, 

A 

B 
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using the liquid fraction of the incubation.  These samples were initially acidified to pH 2 

using 6N HCl.  Ethyl acetate was used as an organic solvent to extract the organic 

compounds from the liquid fraction of coal microcosms.  Sixty milliliters of microcosm 

liquid fraction was aliquoted and 20 mL of ethyl acetate was added.  This mixture was 

shaken well 2-3 times and then the organic fraction was extracted.  This step was 

repeated 2 additional times.  Anhydrous sodium sulfate was used to draw any remaining 

water off of the sample by adding directly to the round bottom flask.  The sample was 

continuously “swirled” to prevent clumping.  Samples were then filtered (1µM pore size 

filter paper) to ensure a clean, debris-free preparation.  The extracts were then placed 

on a roto-evaporation unit to enhance solvent (i.e., ethyl acetate) evaporation.  Finally, 

samples were blown down using nitrogen gas to further evaporate the solvent, 

concentrating the sample.  Prior to further analysis, an N,O-bistrifluoroacetamide 

(BSTFA) derivatization step was performed.  BSTFA (250 µL) was added to 

approximately 500 µL of the sample extract.  This was then placed in a 65° water bath 

for 15 minutes.  Gas chromatography using mass spectrometry (GC-MS) was used to 

identify organic compounds of interest.  This process was completed for various 

experimental treatments as well as on petroleum-contaminated water, to ensure the 

method could be repeated as it was used in the literature (Gieg and Suflita, 2002).   

B.2.2:  Results and Conclusions 

 The resulting chromatogram for the petroleum-contaminated water showed the 

presence of many hydrocarbons as is typical for this type of sample and confirmed our 

ability to repeat the results of this method using similar samples as Gieg and Suflita 

(2002).  When the same extraction method was used on microcosms containing coal, 

results were variable.  Figure B.3 shows the chromatogram of the coal microcosm with 

acetate media amendment.  The peak present on this chromatogram is an eluent peak 

(n-alkane) and suggests that no anaerobic metabolites were present in this sample.   
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Figure B.3.  Chromatogram of acetate media amended microcosm extract. 

 The chromatogram in Figure B.4 has multiple peaks, indicating the presence of 

organic compounds.  In this microcosm, gaseous hydrogen and carbon dioxide were 

added to promote methanogenesis.  It appears as though organic metabolites are 

present, suggesting that microbial degradation of coal is occurring.  Figure B.5 shows a 

different story, with only three significant peaks.  This microcosm was supplemented 

with short-chain fatty acids, which were intended to provide additional substrates 

(besides coal) for the microbial community, stimulating methanogenesis.  Further work 

is needed to identify these compounds and if they represent significant anaerobic 

metabolites.  In Figure B.6 the chromatogram of the bromoethanesulfonic acid (BESA) 

control is presented.  BESA was used as a control treatment as it inhibits 

methanogenesis.  Despite this inhibition, peaks were present in the resulting 

chromatogram.  These could be metabolites of coal degradation, but is more likely to be 

the degradation products of BESA.   



 

 143 

 

Figure B.4.  Chromatogram of hydrogen/carbon dioxide amended microcosm extract. 

 

Figure B.5.  Chromatogram of short-chain fatty acid amended microcosm extract. 

 



 

 144 

 

Figure B.6.  Chromatogram of bromoethanesulfonic acid (BESA) amended microcosm 
extract. 

 The results of this preliminary research indicate that the extraction method has 

merit for use with coal microcosms.  Further analysis would be necessary to identify 

compounds of interest and to process a representative number of samples to identify 

characteristic metabolites.  With further work it may be possible to identify metabolites 

that are present in all methane-producing samples so we may postulate that these 

metabolites can be used as predictors of methane potential.   

B.3:  DNA Sequencing and Analysis of Various Amended Coal Microcosms 

 Understanding the microbial community of methanogenic coal microcosms and 

how they change with variable treatments can help to understand which organisms are 

important to the system and its function.  This sequencing was undertaken to collect 

data about the structure of the microbial communities in various treatments evaluated in 

this project.  Coal toxicity was evaluated by adding 20 grams of coal to microcosm 

OX.022.  Microcosm OX.031 was not provided an inoculum, to evaluate the potential of 

the coal-associated microbes only.  Microcosm OX.037 used carbon-free medium with 

sulfate salts, which were replaced in all other experiments in this dissertation.  This 

treatment was used to evaluate the effect on the sulfate reducer population.  Sodium 
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sulfide (Na2S) was used in microcosm OX.040, to evaluate the effect of sulfide on the 

system.  Finally, variable concentrations of urea and carbon dioxide were used to 

evaluate urea hydrolysis in the system (NETL microcosms 29, 32, 35, 38, 49, 55 and 

58).   

B.3.1:  Materials and Methods 

 Microcosm treatments were selected based on various strategies to enhance 

methanogenesis.  Sample treatment descriptions are presented in Table B.1.   

Microcosm slurry was sampled and DNA was extracted using a modified MoBio 

PowerSoil Extraction Kit method (described in Chapter 2).  DNA was processed for 

sequencing as described previously and was sequenced on a Roche 454 

pyrosequencing system using a titanium platform.  Analysis was completed using the 

QIIME pipeline, described in detail previously.  

B.3.2:  Results and Conclusions 

 As Figure B.7 shows, the NETL samples are all dominated by organisms in the 

family Spirochaetales.  The samples that were incubated for 138 days (NETL 29, 32, 35 

and 38) also have small relative abundances of Synergistales (NETL 29, 35, 38), 

Sphingobacteriales (NETL 38), Rubrobacteridae (NETL 32) and other organisms that 

make up less than one percent of the total relative abundance.  The samples that were 

incubated for 49 days (NETL 49, 55 and 58) have more complex community structures 

including Synergistales (NETL 58), Burkholderiales (NETL 49, 55), Pseudomonadales 

(NETL 49), Sphingobacteriales (NETL 58), Syntrophobacterales (NETL 58), 

Bacteroidales (NETL 58), sulfate reducers (NETL 49, 55) and again, the less than one 

percent classification.  The mcrA copy number per mL is provided within the pie chart 

for each sample.  Copy numbers vary little except for samples 32 and 35, which had 

one to two orders of magnitude fewer copies than the remaining samples.  NETL 32 and 

35 both had high concentrations of urea, which may have impacted the amount of 

methanogens present.  With respect to the methanogens present, three orders are 

present overall in the system:  Methanobacteriales, Methanomicrobiales and 
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Methanosarcinales.  The urea-amended samples are the only ones that have 

Methanobacteriales present.  Carbon dioxide-amended microcosms had only 

Methanosarcinales present.  The two control treatments, NETL 38 and 58, have both 

Methanosarcinales and Methanomicrobiales.   

Table B.1.  Microcosm treatment descriptions.  All microcosms contained 5 grams coal 
(PRB: Big George, Felix and Smith seams), 50 mL carbon-free medium and 0.5 mL 
inoculum, unless otherwise noted.  Coal used in microcosm was un-oxidized unless 
noted. Samples used the sulfate-free, carbon-free medium described previously, unless 
otherwise noted. Each experiment used a different coal source and different inoculum.  
Samples with asterisks are represented in previous chapters of this dissertation and are 
repeated in this section for comparison to the NETL samples.   

Sample ID Experiment Description Treatment 

INOC.4*  Ox coal 1 Inoculum No treatment - used as inoculum 

OX.004*  Ox coal 1 Un-oxidized  Coal + medium + inoculum 

OX.014* Ox coal 1 Oxidized  Oxidized coal + medium + inoculum 

OX.019* Ox coal 2 Un-oxidized  Coal + medium +inoculum 

OX.022 Ox coal 2 Un-oxidized 20g Coal (20g)+ medium + inoculum 

OX.028* Ox coal 2 Oxidized  Oxidized coal + medium + inoculum 

OX.031* Ox coal 2 Un-inoculated Coal + medium 

OX.037 Ox coal 2 Sulfate medium Coal + sulfate medium + inoculum 

OX.040 Ox coal 2 Sodium Sulfide  Coal + medium + inoc. + Na2S 

NETL.29 Urea/CO2 1g/L urea Coal + medium + inoc + urea 

NETL.32 Urea/CO2 5g/L urea Coal + medium + inoc + urea 

NETL.35 Urea/CO2 10g/L urea Coal + medium + inoc + urea 

NETL.38 Urea/CO2 No urea Coal + medium + inoculum 

NETL.49 Urea/CO2 5 psi CO2 Coal + medium + inoc + CO2 

NETL.55 Urea/CO2 5 psi CO2 + 10g/L urea Coal + medium + inoc + CO2 + urea 

NETL.58 Urea/CO2 2 psi N2/CO2 Coal + medium + inoc + N2/CO2 

 Methane production varied in the urea-amended microcosms, with NETL 29 

(1g/L urea) producing the greatest amount.  The 5g/L and 10 g/L amendments 

produced similar amounts of methane, while the control with no urea produced the least 

methane.  Among the carbon dioxide-amended microcosms, the control (NETL 58) 

produced the greatest methane.  The carbon dioxide-amended and carbon dioxide plus 

urea-amended microcosms produced comparable amounts of methane.  All samples 

had similar amounts of acetate present.   
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Figure B.7.  Phylogenetic assignment for NETL experiment samples.  Samples in the 
left column were incubated for 138 days prior to analysis and samples in the right 
column were incubated for 49 days prior to analysis.  Methane and acetate values are 
presented in associated text next to each pie chart.  The copy number per mL of mcrA 
is presented inside the pie chart areas for each sample.  NETL 29 lists the 3 orders of 
methanogens present, and these are abbreviated in all other samples (B = 
Methanobacteriales, M = Methanomicrobiales, S = Methanosarcinales).   
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 Alpha diversity was evaluated for the NETL samples as well as the oxidized 

experiment samples (Figure B.8).  Three groupings are somewhat clear.  Group A, with 

the greatest alpha diversity, includes OX.028, 040, 037 and 031.  Group B, with the 

middle alpha diversity, includes NETL.38, NETL.58, OX.022, NETL.29 and NETL.49.  

Group C which had the lowest alpha diversities included OX.004, NETL.32, NETL.35, 

NETL.55, OX.019, OX.014, INOC.4 and OX.005 (an experimental replicate of OX.004).   

 

Figure B.8.  Alpha diversity of NETL and OX experiment samples.  Diversity in this case 
is the observed number of species (OTUs) at each sampling depth (i.e., sequences per 
sample).  OX.005 (an experimental replicate of OX.004) is only presented in this figure, 
as it had much fewer sequences per sample, so in order to maximize the number of 
sequences that could be analyzed for each analysis it was excluded from the 
phylogenetic assignment and the beta diversity.  Microcosms NETL.58 and OX.022 
were represented by very similar pink colored lines.  Although they cannot easily be 
discriminated based on color they have almost identical rarefaction curves and are 
mostly overlapping in the figure.   
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 Weighted UniFrac was used to evaluate the diversity between samples, as 

presented in Figure B.9.  All NETL samples cluster on one side of the root except for 

NETL 49 and 55, which were both carbon dioxide amended.  These two samples had 

significant populations of sulfate reducers, which made them similar to some of the OX 

samples.  With respect to the OX samples, all clustered on the opposite side of the root 

except OX.022 and OX.019.  OX.022 used significantly more coal (20 grams) than all 

other microcosms, and its community was dominated by Spirochaetes, like the NETL 

samples.  OX.019 had a longer incubation time (110 days) than its experimental 

cohorts, which also resulted in a dominant Spirochaete population (making it similar to 

the NETL samples).   

 

Figure B.9.  Beta diversity of NETL and OX experiment samples, based on weighted 
UniFrac analysis.  Numbers presented inside pie chart segments represent the number 
of days of incubation prior to analysis.   
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APPENDIX C 

 

Figure C.1.  Description of all samples evaluated in this dissertation and their relation to 
each other.  The samples used in each chapter are indicated by shape.  Chapter 2 is 
circles, Chapter 3 is rectangles and Chapter 4 is triangles.  In Chapter 2, each color 
represents a different experiment.  In Chapter 3, blue rectangles represent inocula, red 
rectangles represent un-oxidized coal microcosms and yellow rectangles represent 
oxidized coal microcosms.  Green rectangles represent control microcosms, which were 
autoclaved after all ingredients were added.  The pink rectangle represents the un-
oxidized, un-inoculated microcosm.  Chapter 4 follows this color scheme with un-
oxidized coal microcosms represented by red triangles and oxidized coal microcosms 
represented by yellow triangles.  Black lines with arrows indicate where Inoc.1 and 
Inoc.2 fall within the PRB enrichment timeline.  Black lines with no arrows indicate which 
microcosms were inoculated with either Inoc.1 or Inoc.2.  Dashed lines indicate from 
which microcosm (of triplicate bottles) Chapter 2 samples originated.   

Inoc.1 Inoc.2 

Un-ox.1 Ox.1 Ctrl.1 Un-ox.2a 

Un-ox.2b 

Ox.2a 

Ox.2b 

Ctrl.2 No-inoc.2 

1 2 3a,b 4a,b 5a,b O-1 O-2 S1 S2-1 S2-2 S3-1 S3-2 L1 L2 L3 

PRB enrichments: 
23-34 (Big George) coal 
Inoculum development 

Oxidized offshoot: 
Bridle Bit coal 

Uncharacterized inoculum 
 (21-32) 

Sulfate experiments: 
21-32 coal 

Uncharacterized inoculum 
(21-32) 

Lignite enrichments: 
Lignite coal  
No inoculum 

Chapter 2- 
Sequencing  
& qPCR 

Chapter 3- 
Sequencing data 

Chapter 4 
qPCR time course 

Time point 1 

U1# U2# U3# O1# O2# O3#

Time point 2 

Time point 3 

Time point 4 

Microcosms from Experiment 2 of Chapter 3: 
23-24 (Big George) coal 
Inoc.2 used as inoculum 

U = unoxidized; O = oxidized 
Numbers indicate triplicate microcosms  

U1# U2# U3# O1# O2# O3#

U1# U2# U3# O1# O2# O3#

U1# U2# U3# O1# O2# O3#

Inoc.1 and Inoc.2 part of PRB enrichment; 
Black circles represent these samples among their cohorts. 

These samples were not included in Chapter 2 due to 
differences in sequencing depth  

(~1500 seqs/sample vs. >10,000 seqs/sample) 


