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ABSTRACT

RELATING METHANOGEN COMMUNITY STRUCTURE TO FUNCTION IN
ANAEROBIC WASTEWATER DIGESTERS

Rachel L. Morris

Marquette University, 2011

Anaerobic wastewater treatment is an environmentally and economically
beneficial biotechnology in which the degradation of organic compounds in industrial
and municipal wastewaters results in the production of methane, an alternatiyg e
source. The degradation of organic waste is carried out by an interdepanctebtal
community; and thérchaeaknown as the methanogens complete one of the final steps,
producing methane. However, the contribution of methanogens and the community
ecology of anaerobic digesters are just beginning to be understood. Specifidaly, |
between methanogen community structure and the successful transformatigan
pollutants to methane have not been clearly defined. In order to examine the refationshi
between anaerobic digester function and methanogen community structure, anaerobic
biomass samples were obtained from anaerobic hydrogen/carbon dioxide enrichment
cultures, lab-scale anaerobic digesters, and industrial-scale dsg&dt®\ and cDNA
clone libraries using the methanogen-specific geogA were generated from the
enrichment cultures and two industrial digester samples, and quantitative pslymera
chain reaction (QPCR) was used to quantifyrtfeeAgenes and transcripts in all of the
biomass samples. Phylogenetic analysis ofrtbeAsequences found in the clone
libraries showed differences in the methanogen communities from difeeraatobic
biomass samples, even from enrichment cultures started with the same seed sludg
Furthermore, comparison ofcrAgenes and transcripts from the enrichment cultures
revealed that some methanogens were more active than others. However triokBrec
were found between methanogen diversity and digester function. Tandem gPCR and
specific methanogenic activity (SMA) assays showed positive correlatimedrancrA
gene copy number and methane production rates against specific substratesdulthis
indicates a relationship between the number of methanogens and digester function.
Positive correlation was determined betwerAtranscript number and SMA only
under certain conditions. This study represents the establishment of a dik&etieen
the microbial community in anaerobic biomass and digester function. The dateedbtai
from these studies provides a better understanding of methanogen communities in
digesters which can be applied to develop better assays for monitoring the function of
anaerobic biomass, and to engineer better microbial communities that prashece m
methane for use as renewable fuel.
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Chapter One
Background and Significance

1.1 Introduction Methanogens are important members of anaerobic microbial
communities in many natural environments, including marine (Colwell et al. 2008,
Kormas et al. 2008, Nercessian et al. 2005, Wilms et al. 2007) and freshwateenggdim
(Banning et al. 2005, Whitby et al. 2004), microbial mats (Orphan et al. 2008), rice
paddies (Chin et al. 2004, Lueders et al. 2001), peat (Freitag and Prosser 2@@PefFre
al. 2010, Galand et al. 2005a), the digestive system of ruminants (Guo et al. 2008), the
hindgut of termites (37), and the human gastrointestinal tract (Scanla2@d@).
Methanogen communities in these environments are critical facilitatdne of t
decomposition of organic matter, as well as global carbon cycling and clihzatge;
because they complete the degradation of organic wastes to carbon dioxidettzartkem

which are important greenhouse gases.

Methanogens are also important members of communities within the engineered
environment of anaerobic waste digesters. Anaerobic wastewater trestae
established, environmentally and economically beneficial process in which the
degradation of organic compounds in industrial and municipal wastewaters redudts in t
production of methane, which can then be used as an alternative energy source. The
degradation of waste is carried out by an interdependent microbial commauudity; a
methanogens complete the final step, producing methane (Figure 1.1). However, the
microbial community in anaerobic digesters has been a black box throughout most of the

history of anaerobic waste treatment research (Riviere et al. 208@ugh several
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studies have examined the microbial ecology of anaerobic digesters, thbiatic

communities upon which this biotechnology depends are still not fully understood.

Determining what constitutes a “healthy” methanogen community in draero
wastewater digesters operated under different conditions is critical egtienizing
treatment systems and biogas production because methanogens play such an important
role in the process. In the following chapters, the results of experimentsatesig
examine the structure and function of methanogen communities in hydrogen/carbon
dioxide enrichment cultures, lab-scale anaerobic digesters, and indugeiteds are

presented.

1.2 Anaerobic Wastewater Treatment

Recently, concerns about the effect of greenhouse gases on climate exiérhe
of fossil fuel reserves have generated an increased interest in rekaastipports the
development of renewable sources of energy that have low environmental impacts.
Several of the technologies that are being explored utilize microbial coriestitoi
generate energy, such as microbial fuel cells (Huang et al. 2011) and the use of
cyanobacteria to produce ethanol (Luo et al. 2010). Most of these new technologies do
not yet have wide-spread, real world applications. However, anaerobiovateste
treatment is an established process in which a microbial community degraaigis org
compounds in industrial and municipal wastewaters and produces methane, which can

then be used as an alternative energy source.

According to the United Nations World Water Assessment Programme report

(2003), every year approximately 1.5 X*1D of wastewater are produced worldwide.



As the world’s population grows and industry continues to expand, clean water will
become an increasingly precious resource. Thus, wastewater trestiaeissential
technology, and the potential for energy production from anaerobic wastewdtaetrea

is substantial.

Although there are numerous configurations of wastewater plants, water
treatment, even in its simplest forms, can be divided into two types: aerobic and
anaerobic. As the names indicate, aerobic treatment requires aeration wdritdoena
treatment prevents exposure of the biomass to air. Both have specificagesaand
disadvantages, and some facilities combine both types of treatment. The gelvannta
aerobic treatment include fast startup, rapid growth of biomass (the microbia
community), and adaptability (Speece 2008). However, aerobic treatmentgalarts
very expensive to operate due to electricity demands from pumping and aeration

equipment.

Anaerobic waste treatment has several advantages over aerobic systetna. Fi
large percentage of costs required by aerobic systems can be avoided whananae
technology is employed. Anaerobic wastewater treatment obviously doesuiot re
aeration of the biomass, which represents a considerable cost reduction €Eekerif
al. 2009). Higher organic loading rates are possible in anaerobic systems because
physical restrictions on the transfer rate of dissolved oxygen in the biomasing |
factor in aerobic treatment, are not a consideration (Eckenfelder et @). 200
Furthermore, much less excess biomass is produced, reducing disposal costs such as
handling, trucking, and landfilling (Ghosh and Pohland 1974). Decreased biomass

production and higher loading rates together allow design of anaerobic plamizllas s



facilities than aerobic plants, again representing a considerabledostion (Speece

1996) .

Another advantage of anaerobic wastewater treatment is the abiligyed fiomass to
remain viable for long periods of time without added substrate which is bentfraadlustries,
such as juice processing or wine making plants, which may only require tn¢aitneertain
times of the year (Speece 1996). Furthermore, certain toxic substances, such as
tetrachloroethylene, a dry cleaning solvent, can only be degradedfinablly (Prakash and
Gupta 2000, Speece 2008).

As an added benefit, biogas is produced by the anaerobic biomass as the nmisimsrga
degrade the waste. This biogas consists of methane and carbon dioxide, and the methane
component can be burned to heat the digester to the necessary operating tenfpsuaiiye
~35°C) and to generate electricity (Speece 1996). Thus, biologically produced enshdre
used as a renewable alternative to fossil fuels. Furthermore, the burnindhahenptoduces an
amount of carbon dioxide which is similar to the amount fixed from the atmosphere to produce
the biomass being degraded, making anaerobic wastewater treatmdrarangutral technology
(Zitomer et al. 2008a).Therefore, anaerobic treatment is a “win-win” situation because as
wastewater is economically treated, a renewable fuel with low environnmaptet is created.

However, while anaerobic treatment is an established technology, it has heegye
optimized and has certain disadvantages as well. One serious disadvantatengthhef time
required for the establishment of digester function. Most of the microorgamibinh make up
the anaerobic digester community are slow growing, and this limits theopgeent of
functioning biomass at startup. Slow growth of the organisms is also a factor@cdhery of

function when systems fail, which happens because of stress on their microbial ctymBuihi



the establishment of function and recovery from upsets take much longer in anagredtiersli
than in aerobic systems (Speece 1996).

However, despite these problems, the advantages of anaerobic treatment outweigh
the disadvantages in many treatment situations. In fact, as of Septembeh2&etre
over 3,300 anaerobic treatment plants successfully dealing with industrialwatests all
over the world (Dennis Totzke, Applied Technologies, Inc., speaking at Anaerobic
Treatment of High Strength Industrial Wastes, Milwaukee, WI, September, 2008)
according a report published in 2002, 3,450 municipal digesters are operated in the
United States alone (SAIC 2002).

1.3 Microorganisms and Anaerobic Wastewater Treatment.

Understanding the microbial community is central to optimizing and expanding tbé use
anaerobic wastewater technology because the microorganisms are ytnesehsible for the
success of treatment. Without healthy biomass, all the pipes, pumps, and holding tadks woul
have little positive effect on degrading pollutants in wastewater. Howdthenigh successful
treatment depends on microorganisms, historically anaerobic wastewwaterant research has
focused on engineering better physical plants, and much less study hasvoted tethe
organisms which make the process possible. Since the late 1980s, however, both grester inte
in the microbial community and the advent of molecular microbiology techniques hawe led t
numerous studies of the microbial community ecology of anaerobic wastewsitansy

Successful anaerobic treatment of organic wastes requires the stabtenfohet
complex, interdependent microbial community (McMahon et al. 2004) (Figure 1.1). The
degradation of the organic compounds to carbon dioxide and methane occurs in four discrete

steps and is therefore sometimes referred to as the anaerobic food ckagsanstabolism



(Speece 1996, White 2000). Each step is carried out by a different group of microosganism
First, polymeric organic molecules such as complex carbohydrates, pratainigids are
hydrolyzed into their components (Speece 1996). Then, the resulting monomers andrsligom
such as amino acids, simple carbohydrates, and fatty acids are fermémt@aganic alcohols,
volatile fatty acids such as acetate, propionate, butyrate (acidogehgdregen, and carbon
dioxide (White 2000). Then, the fermentation products are further degradestateabydrogen,
and carbon dioxide (acetogenesis) (White 2000). Methanogenesis is the fingipstapy
producing methane and carbon dioxide from either acetate or hydrogen/formateband ca
dioxide (White 2000) (Figure 1.2).

The complexity and variation in metabolism found in the microbial communities in
anaerobic digesters is really not as simple as a four-step food chain would $§8tayastand
Plugge 2009). In fact, after hydrolysis and fermentation, the food “chain” becpmes
complicated, as several pathways for degradation are possible dependingmaltices of the
fermentations. For example, hydrogen and carbon dioxide may be directlytedrteemethane
by hydrogenotrophic methanogens or converted to acetate by the homoacetogeridc bacter
(White 2000). If sulfate is present in the wastewater, hydrogen may also be edrsuthe
sulfate-reducing bacteria (SRB) in competition with methanogens (Abrdriadwell 1978). If
acetate is produced during fermentation then two options for its degradatioraesdiate
oxidation to hydrogen and carbon dioxide or conversion to methane by acetoclastic
methanogensis (Karakashev et al. 2006, Schnirer et al. 1999). Some organic alcohols and oth
methyl-containing compounds, such as methanol and methylamine, may be diikzdg for
methanogenesis (Dianou et al. 2001, Hutten et al. 1980, Tonouchi 2004) while others must be

further oxidized into acetate, hydrogen, and carbon dioxide. The importance of dae$eof t
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metabolic options is not clearly understood, although their value is probably dependent upon
several factors including the type of organic waste being degraded.

However, one metabolic pathway following fermentation to volatile fatysa@/FAS)
has been shown to have important implications for the complete degradation of orgaeitowa
methane and carbon dioxide. When propionate and butyrate are the products of fermentation,
conversion of these volatile fatty acids to acetate and hydrogen depends upon syntrophic
interactions with hydrogen-utilizing organisms (Schink 1997). Unless thedsdmproduced by
these organisms is continually removed so that the local concentrations remaneloxigation
of these fatty acids is not thermodynamically favorable (Schink 1997). Thispreaeferred
to as interspecies hydrogen transfer (Bryant et al. 1967, White 2000). Withmopibnate,
butyrate, and other acids accumulate in the digester and may cause the adegodeaiste to
slow or cease (McCarty and Smith 1986) resulting in digester failure.
1.3.aMicrobial Community Diversity A microbial community is generally described as the
populations of microbes which interact within a specific environment (Konopka 2009).
Diversity includes the measure of the number of taxonomic units present (sichndgheir
relative abundance (Konopka 2009). Community structure is often used to describesraniuhe
abundance determinations which include identification of the detected taxons (R @U0%.
Although it is difficult to detect rare organisms in very diverse communitidsasithose in
anaerobic digesters, defining community structure can provide valuable intormegarding
the functional potential of the community (Fuhrman 2009, Konopka 2009).

Some of the earliest studies of anaerobic digester communities utilizeddentre
polyclonal antibody probes to examine the diversity of methanogenic micnignmga(Macario

and De Macario 1988, Visser et al. 1991). Using this technique, Macario et al. (1988)
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demonstrated that the diversity of methanogens was greater than previoesighelisser et
al. (1991) used this type of immunological study to demonstrate that microbieityiveas
reduced in a digester whose temperature was increased from 37°C to 55°C.

Soon after these studies, radioisotope and fluorescent- labeled oligonucleotide probes
based on 16S rRNA sequences were developed for the quantification of methanogens and
sulfate-reducing bacteria by Raskin et al. (1994a, 1994b). These probesedete identify and
guantify specific groups of methanogens and sulfate reducers in chemaostgéstasik and two-
stage digesters (Raskin et al. 1994a, Raskin et al. 1995). Oligonucleotide rabesedo be
used to follow community dynamics in anaerobic digesters. They have the ggvahbeing
directly applied to samples without the need for gene amplification by polyenenas reaction
(PCR) (Amann et al. 2001). However, targeted genes must be present in high copyshanb
guantification using probes must include careful use of controls to insure accaesigrements
(Amann et al. 2001, Dahllof 2002).

In further studies of diversity, PCR and 16S rRNA or DNA specific primess been
used to examine microbial community structure within digesters. In 1997, Godo{l&ala,
1997b) studying both bacterial and archaeal 16S rRNA gene clone libraries frorstardige
treating wine distillery waste revealed that a large number of therlzoperational taxonomic
units (OTUs) found in the digester were unrelated to any cultured speciesasssipported by
a later study which reported that 95.6% of the bacterial OTUs found in another diggster
novel phylotypes (Chouari et al. 2005). These studies illustrate the need fauedmolecular
analysis possibly combined with cultivation and physiological studies of ongairisanaerobic

biomass so that the function of the community as a whole may be better understood.
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A second study by Godon et al. (1997b) estimated that the wine distillerjediges
community had archaeato Bacteriaratio of 1 to 4. A later study using quantitative PCR
(qPCR) of 16S rRNA genes in a biogas plant digester reported a ten-fold differemeerbthe
ArchaeaandBacteriasequences (Nettmann et al. 2008). However, bias may have occurred in
both these studies because of unequal numbers of 16S rRNA genes in different §pecies o
BacteriaandArchaeadetected in these digesters. For example, the average number of 16S rRN.
genes in the twenty-three sequenced methanogen genomes found in the rrnDBa&e aettéadi
catalogs 16S, 23S, and 5S rRNA genes) is 2.56 (Klappenbach et al. 2001, Lee et al. 2009).
However, the average number of 16S rRNA genes in other bacteria detectedudyhased
widely. For example, the average 16S rRNA copy number in the sequenced gendrmaes of t
Proteobacteriafound in rrnDB is 4.12, and the average for seque@testridiumspecies is 9
(Lee et al. 2009). Although some of the bacterial species detected had &SwENA copy
numbers than the methanogens (such a€libmwflexi, 1.67 average 16S rRNA copy number
(Lee et al. 2009)), the variation in copy numbers for these genes makesath@etermination of
anArchaeato Bacteriaratio difficult at best.

Most studies of microbial communities in anaerobic digesters have focused tmales
five digesters, and many have sampled only one or two digesters. This approacimg limit
because anaerobic digesters treat waste of widely varying coropasitl different physical
plant configurations exist as well, both of which may influence microbial contynstniicture.
There are two notable exceptions to this trend, however. The first attemptiag gawide view
of the archaeal diversity found in anaerobic digesters was a study of 44 keldgssters from
8 countries (Leclerc et al. 2004). Using single strand conformation polymorphgm

sequencing of 16S rDNA genes, Leclerc et al. (2004) found a total of tweagytthique 16S
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rRNA gene sequences from thechaea Two OTUs were found most often, and sequence
analysis showed them both to be methanogens. One was determinddethéeosaeta concilli
and the other was relatedNtethanobacteriumThe breadth of samples included in the study
covered all basic physical configurations of anaerobic digesters, ajdmernnvestigators to
determine the most common microorganisms found in each type. They were able siessoci
particular microbial community characteristics with specific typedigdsters. For instance, they
observed increased diversity of the microbial community in continuously stim&déactors
(CSTRs) when compared to other digester types. They also demonstrated dbanthence of
Methanosaeta concilivas increased in upflow anaerobic sludge blanket (UASB) reactors. They
did not, however, uncover a relationship between the type of wastewater treatedaanbabal
community.

Another broad study of microorganisms in anaerobic digesters wadakaheby Riviere
et al. (2009). They sequenced a total of 9, 890 bacterial and drdle&eaRNA genes from
seven different mesophilic digesters. After phylogenetic amglyhey were able to determine
that one third of the bacterial OTUs formed a core common ttigakters, another third of the
OTUs were shared among a few digesters, and the final thihg dlacterial OTUs were specific
to certain digesters. The bacterial 16S rRNA genes that fineyd were primarily from
uncultivated species, which agreed with an early finding by Chetial. (2005) which found
95.6% of the bacterial 16S rRNA gene sequences from one digesternavel phylotypes.
Among all the digesters, the archaeal sequences representedd@&Ws than the bacterial
sequences, and most of them were related tdViigthanosarcinalesthe Methanomicrobiales

and a novel lineage which was designated the Arc | group.
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These two broad studies have provided valuable information regardingit¢hebial
communities of anaerobic digesters; however, other factors bethidetype of reactor or the
substrate treated have been studied to ascertain affects on digester ¢egamuni
1.3.bTemperature Temperature is an important environmental factor in the growth of most
microbes, with the majority having a range of temperature in which optimatlgomeurs while
higher or lower temperatures are inhibitory. Most anaerobic digesterpeasdanl at around 35
°C (mesophilic), although thermophilic digesters (~55°C) are also in use. Teecsdain
studies have explored the effects of temperature on microbial communitiessteigeAs
mentioned above, Visser et al. (1991) used polyclonal antibody studies to demanmstrate t
microbial diversity was reduced in a digester whose temperature wassettfeam 37°C to
55°C. Sekiguchi et al. (1998) compared mesophilic and thermophilic digesters, finding
decreased diversity of 16S rRNA gene clone libraries in the thermophilicedigyedcHugh et
al. (2003) used amplified ribosomal DNA restriction analysis (ARDRA) andR6& gene
sequencing to study the microbial communities in psycrophilic (10-14°C), mespphii
thermophilic digesters, reporting high methanogen diversity and dominance oéthie-ac
utilizing genusMethanosaetan samples from a set of six digesters with operating temperatures
varying from 10-55°C. In a further study of digesters that were operatedpsragares
between 16 and 37°C, this same group reported a shift from acetoclastic to hydrogenotrophi
methanogens in the microbial community as temperatures increased (seeobé&lwthér
discussion of methanogen community dynamics).

In summary, the above results suggest that methanogen diversity is reducegterslig

with thermophilic operating temperatures. They also suggest that acetatiagtanogens are
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able to function better than hydrogenotrophic methanogens when digester temparatures
below 37°C
1.3.c Microbial Communities and Stability of Digester Functi®he stability of digester
function (process stability) is defined as “the capacity to achieve effijg@lutant reduction
under varying environmental conditions (Speece 1996).” Two terms may be used to furthe
describe stability: resistance and resilience (Konopka 2009, Pimm 1984). Funetsstance
refers to the ability of the community to continue to function (i.e., achieve effigg@dlutant
reduction) when environmental conditions are perturbed, and resilience describesthbes fa
community can return to function after a perturbation that disrupts function (Pimm 1984)
Several studies have examined how the stability of digester function id timklee
structure of the microbial community. Anaerobic digesters are sometimestsulijo overloads
of substrate, and these overloads may cause digester function (i.e., orgémidegasdation
coupled to methane production) to slow or fail. A study by Delbes et al. (2001) shaved t
recovery of a digester overloaded with acetate required a community shift from
hydrogenotrophic to aceteclastic methanogens. Fernandez et al. (2000) using lelogioleuc
probes, ARDRA, and sequencing of 16S rDNA studied digester communities both before and
after perturbation caused by an overload of glucose. Their results linkdiystdibunction to
flexibility within the digester microbial community. Digesters thad h@aore profound changes in
their community structure upon perturbation had better functional stability thanvihose
communities showed less change (resilience) (Fernandez et al. 2000). Coruhgeevdtions of
the degradation products generated from the glucose suggested that the sbiftsiuinity
structure reflected the ability of the more stable digester commumitiesetmultiple metabolic

pathways. Similarly, Hashsham et al. (2000) further demonstrated thiatabial communities



15

possessed the ability to degrade substrates in multiple, parallel waysaremsgke pathway for
linear processing, the community with the ability to utilize parallelggsing was more stable.
Stability in this case was defined as the ability to continue to function with aloadef
substrate, in this case of glucose (resistance (Pimm 1984)). Althouglstihdies analyzed
relatively small data sets, the results of these studies suggest thedrdigiesobial communities
with more metabolic options are more functionally stable than those withdimigéabolic
pathways for the degradation of organic substrates.

Other studies have also focused on the microbial community during high toxicant loads
A study of a digester with high ammonia concentrations (e.g., 3,500 mg/L) showdekthat t
hydrogenotrophic methanogens, which use hydrogen and carbon dioxide for methanogenesis,
were more abundant in digesters with high ammonia than in digesters with lomenam
concentrations (Angenent et al. 2002). Another study in which the free ammoniamitrog
content of the digester was gradually increased from 160 mg/L to 750 mg/L showed an
interesting shift in the microbial community using microscopy. At lower amanoni
concentrations, filamentoldethanosaetavere the dominant organisms, but as ammonia
concentrations increas@&dethanosarcinaspecies were observed, with their clusters of cocci
being the dominant organisms (Calli et al. 2005). The authors proposed that the formation of
clusters provided protection from the higher concentrations of ammonia fdietheanosarcina,
allowing them to thrive as the more exposed, filamenkbethanosaetdecame less common.

Interestingly, McMahon et al. (2004) demonstrated that digesters whoseuogtremhad
struggled with stability of function in the past were more tolerant of an overload & shoc
(resilient) than communities which had always functioned well. The comparisocrobral

communities in several digesters over time led them to conclude that digesteurtities with
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difficulties in consistent function developed microbial consortia that werg@btgpe with
future overloads. Therefore, digesters which struggle during start up mayt, imafae better
functional stability over time.

Recently, Werner et al. (2011) used pyrosequencing, generatb@090 16S rRNA
gene sequences from 112 samples, to examine the microbial commuminine anaerobic
digesters treating brewery waste over the course of twetwahs. They were particularly
interested in the resilience and resistance of the microbiamomity and the relationship
between those characteristics and digester function. Using Urtliacshowed that each of the
nine digesters had a unique bacterial community (Werner et al..2Wl¢n they compared the
structure of the bacterial communities to the digester opgratinditions and digester function,
they found stronger relationships between community structure andofurtban between
structure and conditions (Werner et al. 2011). The functional paramedstsclosely related to
community structure were methanogenic activity (reported assgpéchemical oxygen demand
of methane per gram of volatile suspended solids per day) and ttiereffi of the removal of
the substrate (reported as %) (Werner et al. 2011). Greatenwuty evenness was related to
higher methanogenic activity, which the authors suggested wésdrédethe existence of greater
numbers of parallel metabolic pathways for the degradation of crgampounds as described
previously by Hashsham (Hashsham et al. 2000). This study providetgpartant link between
bacterial community structure and function in anaerobic digesters.
1.3.dPhysical Differences in Anaerobic Digester Configuratiddertain studies have examined
how differences in the physical operation of anaerobic digesters maythf#esttucture of the
microbial community. Digesters are operated under various conditions and sexat@ngson

the structure of the physical plant are utilized in full-scale operations.
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For example, the biomass in continuous stirred tank reactors (CSTRS) is, as¢he nam
suggests, constantly mixed. In these reactors, mixing speed may affeatrtii@ahcommunity
by creating an environment which is too turbulent for the formation of close indesaethich
are important for certain steps in the degradation of organic compounds by the ctynymuni
specifically propionate degradation and methanogenesis. Hoffman et al. (200&) §STRs
with different mixing rates in order to examine how mixing speed might affecbbial
community structure. They observed that while the bacterial community wihscbead,
increasing the mixing speed in lab-scale digesters altered the stratthe archaeal community
over time, with a change froMethanosaetaelated organisms at lower speeds to
Methanosarcinat higher mixing intensities. Their conclusion was that mixing speed and the
resulting shear of increased mixing rates could influence archaeal comntatyre but not
bacterial. However, this shift in community structure did not result in diffesemcdigester
function as evidenced by methane production. Reasons for the observed communityehift wer
not apparent. HoweveiMethanosarcinare capable of utilizing multiple substrates for
methanogenesis while tiMethanosaet@an only utilize acetate which may begin to explain the
stability of methane production under more turbulent conditions (see section 1.2.c.).

Another configuration, two-stage anaerobic digestion, compartmentalizesihasisi
aiming to create separate environments that are more amenable fgeaesie (pH 4-5) and
methanogenesis (pH 7) respectively (Ghosh and Pohland 1974). Two-stage digesteestee
somewhat more quickly and have better organic removal rates (Speece 1996). WineptRéds
(1995) used fluorescent and radio-labelled oligonucleotide probes based on 16SeRNAcCes
to identify and quantify specific groups of methanogens and sulfate redusargle tanks and

two-stage digesters, they found methanogens in the first stage of tloe vela@te conditions for
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methanogenesis were not optimal. However, upon comparison the first stage to the sgeond st
the methanogen communities in the compartments were determined to be différisrfinding
suggests that certain methanogens are capable of surviving in what might be cdissibere
optimal conditions.

Certain types of biomass pre-treatment can also be incorporated intolan&eatment.
Zhang et al. (2009) used pyrosequencing and qPCR to examine changes in imicrobia
communities when pre-treating a mix of primary and waste activated slyaggbsing it to a
pulsed electrical field which causes nutrients in biomass to become moebkevaiid therefore
more digestible (Rittmann et al. 2008). This method, called Focused-Pulsedmmieidge
treatment, was used on anaerobic biomass, and then analyses of the sequences dbtained be
and after treatment showed that the domianhaeagenus in the biomass changed from the
hydrogenotrophidethanoculleuso acetoclastidethanosaeta-igher bacterial diversity was
also observed post-treatment. These findings were most likely related tdehendés in
availability of nutrients in the sludge.
1.3.eTemporal Changedemporal changes have also been observed in the microbial
communities of anaerobic digesters. Fernandez et al. (1999) concluded tbdiatihithe
dominant members and diversity of the bacteria and archaea in a lab-sesterdiganged
rapidly within short periods (3.3 day retention times), the dominant organisms in thiéabacte
community in digesters fluctuated more over time than those in the commuAityhaiea
Another study which followed the microbial community for two years supported thei
conclusions by demonstratidgchaeacommunity structure remaining relatively stable while
rapid shifts occurred in the bacterial community of a wine-distillery abaedigester (Zumstein

et al. 2000).
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Fernandez et al. (1999) also observed a change in the relative abundantzerof cer
archaeal OTUs over time using ARDRA. This was supported by the observation of rgethano
succession in another study which followed a lab-scale digester framstarday 107 (Leclerc
et al. 2001). The dominant methanogen genus switched from acetoclastic (udidiztate for
methane productioylethanosaetan the early stages to hydrogenotroplliethanobacteriunas
the biomass in their digester developed. This switch from acetoclastic to hyolrogdic
methanogen dominance suggests that methanogen community structure maydtortiate
substrates which are available for methanogenesis over time during the derglopm
anaerobic biomass. For example, hydrogenotrophic methanogens may beconmepodeant
members of the community as the concentration of volatile fatty acids (\ikApropionate
and butyrate increase. Without the removal of hydrogen by the methanogens (or other
organisms), propionate and butyrate oxidation are thermodynamically unfavoretle($997)
and an increase in VFA concentrations can result in digester failure (iMcDar Smith 1986).
Therefore, as VFAs increase, a shift in the abundance of organisms capaldegéhgtrophic
methanogenesis would be beneficial in the development of a stable community.
1.3.fGranulation The formation of granules which facilitate the syntrophic relationships
between propionate-oxidizing bacteria and their hydrogen-utilizing metbarpagtners within
biomass is especially important for upflow anaerobic sludge blanket (UA&&prs and similar
technologies (Schmidt and Ahring 1996). Several studies have examined the micyobidheg
granules that form in the biomass of this type of anaerobic digester. RibZ2006) used
cloning, denaturing gradient gel electrophoresis (DGGE), fluorescent oligotide probes,
and electron microscopy to discover that the color of the granules (black, dmayor) in a

brewery digester were related to both their age and microbial compositigno$erved that
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the lighter the color, the older the granules were and that these granules dérald/few/ cells

than the younger ones. Using oligonucleotide probes, they also observed diffareongshe
microbial communities of granules of different colors. Black (young) granutemi@obial
communities dominated by Gram-positive bacteriaMethanosaetaGray (middle-aged)
granules were similar to black granules in microbial community compositmapethere were

no Methanosarcinawhich were present in small amounts in brown and black granules. Brown
(old) granules were dominated Byoteobacterianstead of Gram-positives; however, the
dominant methanogen genus observed washdéthanosaeta

Keyser et al. (2006) used DGGE to identify differences in granules fraeryyibrewery
and peach-lye canning wastewaters. They found that granules from wastdveaiang
differing substrates had different methanogen communities, leadingahtée conclusion that
substrate affected granule community composition. Finally, Zheng(2086) used fluorescent
oligonucleotide probes to follow the microbial progression in the formation ofabieer
granules, and found thitethanosaeta concilivas important for initiating granule formation.
They also found that a layer of syntrophic bacteria form the outside of granutgaiggt These
studies demonstrated that microbial community structure can be related to ¢wmantie and
formation.

Taken together, the above studies provide much valuable information repanei
microbial community in anaerobic digesters. The existence oficgdds of microorganisms
can be confirmed and used to construct a simple food chain (Feznanhdé 1999, Liu and
Whitman 2008, White 2000) (Figure 1.1). While it is helpful to visualize &naerobic
degradation of organic waste in this way, this food chain is probablsimplistic to account for

all the complexities of digester communities and the possiblatiars of microbial metabolism
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(Hashsham et al. 2000). Because of the complexities of metabahsl physiology of the
community of organisms found in anaerobic biomass, further studiesegueéed to better
understand the role of and the interactions between microorganisnmaerobic wastewater
treatment.

1.4. Methanogens in Anaerobic Wastewater Treatment.

The above studies have established that the microbial community in anaerobicgligeste
is very diverse. It is also clear that several different groups of srgarare required for the
completion of waste degradation (Figure 1.1). However, the methanogens arallgspeci
important because they are the last link the anaerobic digester food chain,arsgbec
methanogenesis is often the rate limiting step in anaerobic treatment e$ \flastand Whitman
2008).
1.4.aMethanogensMethanogens are strict anaerobes which belong to the phylum
Euryarchaeotaand within four classes, there are five orders of methanogens:
Methanobacteriales, Methancoccales, Methanomicrobiales, Methanosarcisades,
MethanopyralegFigure 1.3)Liu and Whitman 2008)rom these orders (except
Methanopyrales)the generdethanobacterium, Methanobrevibacter, Methanoculleus,
Methanogenium, Methanocorpusculum, Methanospirillum, Methanolinea,
Methanothermobacter, MethanosarcimadMethanosaethave been found in anaerobic
digesters (Chaban et al. 2006, Hori et al. 2006, Imachi et al. 2008, Rastbd(#18). These can
be further categorized according to their substrate requirements faanmogenesis as the
acetoclastic methanogens and the hydrogenotrophic methanogens, althoughs4ifisation is
somewhat oversimplified as some methanogens are capable of utilizingatipunds with

methyl groups antflethanosarcinacan use both hydrogen and acetate (Liu and Whitman 2008).
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In general, however, members of lethanosaet@andMethanosarcinare considered acetate-
utilizing methanogens; the other genera found in digesters require hydnogearbon dioxide,
although some are capable of using formate and certain alcohols (Liu and Waa6&
Madigan et al. 2003). Certain members of Methanosarcinalesan also utilize methanol
and/or methylamine (Madigan et al. 2003). A more detailed description oftihamogenic
genera detected in this study may be found in Appendix I.

1.4.bMetabolism Metabolically, methanogens use a version of the acetyl CoA pathway
which is similar to that of bacteria, but the electron carriers (tetrafojoracid is

replaced by tetrahydromethopterin) and the treatment of formate varytfedoacterial
pathway (White 2000). Methanogenesis occurs as an offshoot of this pathway, linking it
to an electron transport chain which provides a proton motive force for ATP production
(Figure 1.2). The pathways for methanogenesis from acetate and from
methanol/methylamine initially differ from the pathway used to produce mettane
hydrogen and carbon dioxide. However, the pathways all converge near the end (Figure

1.2).
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Halobacteriailes Thermopiasmata

Archaea

Figure 1.3 Phylogenetic Relationships of Methanogens to Other @ganisms.
Distances are estimated. Methanogenic orders anledi Adapted from Schlepet
al.(2005) and Chaban aL(2006).

When hydrogen is required for methanogenesis,atten provided via interspeci
hydrogen transfefStams 1994, White 20C. This process is very important in anaerc
digestion because if methanogens fail to draw pdfrbgen produced by syntrophic fatty &
oxidizing bacteria, thefatty acid oxidation becomes energetically unfattgdor the yntrophs
(Stams 1994)The break down of this important syntrophic iatgion can cause digester fail
characteized by the rise in concentration of volatile yadicids such as butyrate and propior

(Hori et al. 2006) Methanogens’ role in this syntrophy as well asrtproduction of methar
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which may be used as a renewable fuel make them vital members of the mmoamalnity in
anaerobic digesters.

1.4.cmcrA.Methanogenesis is catalyzed by a unique set of enzymes (Figure 1.23)l Meth
coenzyme M reductase is the enzyme which catalyzes the final reaction igdestiot
methanogenesis, the reduction of &EbM to CH, (Figure 1.2) (Ermler et al. 1997).

The operon encoding this multi-subunit enzyme is specific to the known methanogens
and the anaerobic methane-oxidizing archaea (Hallam et al. 2003, Luton et al. 2002)
Previous studies have established that the gene which encodes the alpharsgbinit (
can be used to detect methanogen presence in the environment and that it is a suitable
gene for phylogenetic comparison of methanogen diversity (Hales1&od, Luton et al.
2002, Springer et al. 1995). Amplifying an approximately 460 base pair segment of the
mcrAsequence, the PCR primer set developed by Luton, et al. (46) has been shown to
consistently amplify a wide range of methanogenic groups (Banning et al. 2005,
Juottonen et al. 2005, Juottonen et al. 2006, Luton et al. 2002). Only one or two copies of
mcrAhave been found in sequenced methanogen genomes, making it a better tool for
estimating the numbers of methanogens in biomass than 16S rRNA which has copy
numbers ranging from 1-4 copies per genome (Lee et al. 2009).

1.4.dMethanogen Diversity in Anaerobic Digestdgsicovering methanogen community
diversity has been the object of several studies. Griffin et al. (1998) usiy da
genus-specific fluorescent oligonucleotide probes to follow the dynamihs of
methanogen communities in a mesophilic digester and a thermophilic digester ever tim

They found a shift in abundance betwéégthanosarcinandMethanosaetaelated to



25

acetate levels. They also determined thatMb&anobacteriaceaeere the most
common hydrogenotrophs in the digesters they studied.

Steinberg and Regan (2008) compared the methanogen communities in an acidic
fen and an anaerobic digester using btnAand 16S rRNA genes. They found almost
no overlap between the sequences of either gene from the digester and the fen, and the
majority of the sequences they found were unrelated to any cultured methanogen spec
Similarly, 16S rRNA genes amdcrAwere used to study the archaeal community in a
biogas plant using cattle manure and corn silage as substrates (Nettrahr2908).

Many of the sequences in this study were also related to uncultured argemesd;s
however, assignments at the genus level were possible for most.

During the development of 16S rRNA-based microarray for methanogen
detection and classification called ANAEROCHIP, Franke-Whittle.¢2809) found
Methanoculleuso be the dominant (84.1%) species in a 16S rDNA clone library.
Methanosarcina, Methanobrevibacter, Methanobacterium, and Methanosphelatad
clones were only detected in small quantities (<5.8%). Goberna et al. (20iz@ylutie
ANAEROCHIP assay along with gPCR to study the methanogen communities of
anaerobic digesters treating olive mill wastes and cattle manure. Irophmiesdigester,
they were able to determine tiMéthanosarcinathe dominant methanogen, was able to
rapidly increase in number six-fold when the digesters substrate availalastghanged
from treating only cattle manure to cattle manure plus olive mill wW&berna et al.

2010). In a digester operated at 55°C, hydrogenotrophic methanogens
Methanobacterium, Methanoculle@ydMethanothermobactewrere all detected (along

with a clade unrelated to known methanogens) (Goberna et al. 2010).
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1.4.eMethanogens and pH.An increase in fatty acids (e.g., propionate, butyrate) in an
anaerobic digester can lead to a decrease in pH (Liu and Whitman 2008). A pH decrease
can be detrimental to methanogenesis as most methanogens have a pH toleraiée range
6-9 (Liu and Whitman 2008, Slonczewski and Foster 2009). Hori et al. (2006) used
genus-specific gPCR to demonstrate that the composition of the methanogen community
in a thermophilic anaerobic digester changed as the concentration of votgtibcids

(VFAs) shifted. When VFAs were absehtethanoculleuspecies dominated, but when

the VFA concentration increased there was a 10,000 fold increase in
Methanothermobacterelated 16S rRNA genes (Hori et al. 2006). However, known
Methanothermobactespecies have pH tolerances (6.0-8.8) similar to other methanogens
(Zeikus and Wolfe 1972). For more information regarding specific pH tolerance for
different methanogen genera, see Appendix .

1.4.fMethanogens and Temperatukost methanogens are mesophilic or thermophilic
(See Appendix I). UsingicrAinstead of 16S rRNA genes, Rastogi et al. (2008) found

that in a digester degrading cattle manure located in a temperasteclgmasonal shifts
occurred in the methanogen community and suggested that these shifts were most likely
related to temperature requirements. They reported increase in the ggradnta
Methanocorpusculumrelated sequences in the winter samples. This may indicate that this
genus has higher tolerance for cold than others (e.g., genera found in the orders
MethanosarcinaleandMethancoccusihat represented higher percentages of the
sequences in the summer samples, although it is reported to experience optinial growt
rates at mesophilic temperatures (Zellner et al. 1989). However, |I9'&eal. (2010)

reported similar dominance bfethanocorpusculunm lab-scale digesters operated at
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15°C using gPCR. Further information regarding the temperature requirements of
methanogens can be found in Appendix I.

1.4.gMethanogens and Oxygen Tolerantie sensitivity of strict anaerobes to oxygen

is believed to be due to the accumulation of oxygen radicals (OH- grah@® hydrogen
peroxide (White 2000). Aerobes and other microorganisms which can tolerate oxggen ar
protected by superoxide dismutase and catalase, enzymes which convert agycs r

and hydrogen peroxide to oxygen and water (White 2000).

Methanogens are considered strict anaerobes (Liu and Whitman 2008), unable to
grow or produce methane in the presence of oxygen (Zinder 1993). There is, however,
some evidence that methanogens can tolerate oxygen exposure to varying degrees.
example, previous studies have shown that methanogens in anaerobic digester sludge can
cope with exposure to oxygen (Conklin et al. 2007, Zitomer and Shrout 2000, Jenicek et
al. 2010, Kato et al. 1993, Stephenson et al. 1999). In fact, Zitomer and Shrout (2000)
reported increased methane production in fluidized bed reactors that were expased to a
However, the ability of methanogens to cope with air exposure is believed to be
dependent upon facultative microorganisms also present in the biomass community
which scavenge the oxygen before it causes damage to the methanogenis €dahice
2010, Kato et al. 1993).

Examination of all of the sequenced methanogen genomes in Genbank® reveals
putative superoxide dismutase and/or catalase genes, and an active superoxidealismut
has been isolated froMethanobacterium bryant{Kirby et al. 1981). However, it is
unknown whether these enzymes are functional in other methanogens. Furthermore, as

superoxide dismutase and catalase reactions only convert oxygen radicaldragerny
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peroxide back to more oxygen, it is unclear how much protection active superoxide
dismutase and catalase would provide.
1.4.hRecently Described Methanogen Spedibgltiple reports of sequences which
cannot be assigned to a particular methanogen species or even genus (see abotve) suppor
the idea that there are other undescribed methanogens in anaerobic digesters whose
physiology has not yet been studidd.the past five years, three new methanogen
species isolated from anaerobic digesters have been desbidtbdnobacterium
beijingenseMethanolinea tardaandMethanoregula formicicgmachi et al. 2008, Ma
et al. 2005, Yashiro et al. 2011). Based on the number of unknown methanogens
reported in the literature, the identification of other new species is likehgifuture.
1.5 Introduction to Specific Aims

Although much is known about the reactions of methanogenesis (Figure 1.2),
there is still much to be learned about the role that methanogens play in anaerobic
wastewater treatment. For example, questions such as “Do specific condititriisute
to the enhancement of the methane-producing ability of certain methanogens?” and
“Does the number of methanogens present in digesters accurately project thefabili
the biomass to make methane?” remain unanswered in the literature. The datobtai
from the experiments performed in the course of this study attempt to answeeaides
other questions, while providing important information regarding the function and
community structure of methanogens in anaerobic wastewater treatmbtne$aghich

can be used to optimize anaerobic biotechnology.
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1.6 Specific Aim I: Diversity of methanogens in anaerobic enrichment ¢wres and

industrial digesters.

1.6.alntroduction. Anaerobic digesters are operated under varying influent substrates
and conditions. Because they complete the final transformation of orgasteEsvia
methane, methanogen communities are essential to the proper function of digesters
Therefore, understanding how varying conditions and substrates relate to mathanoge
community structure is important for engineers and digester operators wh@wish t

optimize digester function and methane production.

1.6.bAims and Hypothesidt was hypothesized that varying the conditions or available
substrates would result in distinct differences in methanogen communitieseirohic
digesters. This hypothesis was tested by generating clone kbfiame DNA extractions
from four hydrogen- and carbon dioxide- enriched cultures (R1,R2,R3,and R4) and two
industrial scale digesters (CH and CB) using the methanogen-speciémgrA (For a
complete description of the operation parameters of the cultures and digesieableee
2.1.) Restriction fragment length polymorphism (RFLP) analysis of the dibraey

from each digester was used to identify uniquezA clones (Chapter 3) or the clones

were directly sequenced (Chapter 4). The RFLP analysis included deteythi@ibest
restriction enzymes for use in RFLP wititrAsequences amplified using the primers
designed by Luton et al.(2002). No consensus could be found in the literature as to which
or even how many restriction enzymes would provide adequate coverage of the
methanogen community using RFLP analysis wmtirA (Chapter 3).mcrAclones were
sequenced, and phylogenetic and statistical analyses were perfornmgethadRi-LP data

and unique sequences from each clone library (Chapter 3 and 4).
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The data supported the hypothesis, demonstrating that digesters and enrichment
cultures (even those started at the same time with the same seed ghauged under
varying conditions or substrates did have different methanogen communities as shown by
phylogenetic and statistical analysisneérAsequences (Chapters 3 and 4). However, the
data had little predictive value regarding digester function when compared to the

digesters known functional parameters.

1.7 Specific Aim II: Quantification of methanogens in anaerobic enrichrant

cultures and digesters.

1.7.alntroduction. The four BH:CO, enrichment cultures, several lab-scale digesters, and
industrial scale digesters were observed to have differing rates ofnagtitaluction
against specific substrates as determined by specific methanogevity §8iMA) assays
(Coates et al. 2005, Coates et al. 1996). One explanation for the different rates of
methane production was that more methanogens were present in the digadtas tha

greater methane production rates.

1.7.b.Aims and Hypothesi#. was therefore hypothesized that the abundance of
methanogens in the anaerobic biomass of a digester would positively correlate to a higher
rate of methane production against specific substrates. This hypothesestedly
performing quantitative PCR (SYBR Green method (52)) on DNA extracts fiomad

the four cultures, the lab-scale digesters, and the industrial digesteyshesiuton

primer set (43) with the thermocycler program tested by Goffredli g affredi et al.

2008, Luton et al. 2002, Ponchel et al. 200Bhe results were compared to values

determined for a standard curve to quantifyrtteeA gene copy number for each
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enrichment culture. The standard curve and the samples were included in the sase run,
recommended by Smith et al. (200&ene copy number oiicrAwas then used to

estimate the numbers of methanogens present in the cultures. All twenteoqueaced
methanogen genomes in GenBank® contained only one or two copmesAdénd

sequenced genomes of representatives of the genera found in the clone lioraries f
Specific Aim | only contained one copy wicrA. The number of methanogens in each
culture was compared to specific rates of methane production (SMA aksagach

culture or digester biomag8Shapter 5).

The data supported this hypothesis showing positive correlation between
the number ofncrAgenes present in biomass and the SMA results for the same biomass

sample (Chapter 5).

1.8 Specific Aim IlI: Diversity of methanogens in anaerobic enrichment dtures

which are actively transcribing mcrA.

1.8.alntroduction Little is known about the transcription rates, mRNA half-life, and
protein half-life for the enzymes necessary for methanogenesis, includthglm
coenzyme M reductase. However, transcriptiomofA has been used to demonstrate
that methanogens are metabolically active (Juottonen et al. 2008). Furtheth®ore
organisms in anaerobic biomass have been shown to be capable of dormancy when
conditions are not optimal (Speece 1996). Thus, identifying the members of the
methanogen community which are metabolically active could provide valuabletinsig

into digester function.
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1.8.bAims and Hypothesig herefore, it was hypothesized that only certain methanogens
detected in thencrAclone libraries from DNA extracts were actively contributing to
methane production as demonstrated by their transcriptiowwi To test this
hypothesismcrAclone libraries were created from RNA extracts taken from the
aforementioned enrichment cultures to determine which members of the methanoge
communities were actively transcribing this critical gene and compareon® ldbraries

created from DNA extracted from the same samples.

Cloned sequences were then compared to known sequences in GenBank® using
blastn (Altschul et al. 1990, Altschul et al. 1997), and each library of clone seguenc
was also submitted to DOTUR for statistical analysis, including the $hadndex,
rarefaction curves, o and number of OTUs (Schloss and Handelsman 2005). The
percentage of clones related to different methanogen genera was calfarl@i@ch
library, and phylogenetic trees (including reference sequencesgeeated from the
sequences obtained from each digester. For each clone library, the methanogen
community revealed in the sequences amplified from the DNA was compared to the
community uncovered in the sequences amplified from the RNA extracGbiapter 4).
This was accomplished by using phylogenetic and statistical asatysequences to
determine differences among the cultures’ methanogen communities whepnesent
in the biomass (i.e., DNA) versus those that were actively transcrimng§(i.e., RNA)

at levels detectable by the assay.

Phylogenetic and statistical analyses showed that the moggas that
were actively transcribingncrA did not represent all of the methanogen community

detected within the digesters using DNA extracts to genel@te tbraries (Chapter 4).
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The observed differences between the transcnhba@ sequences and the genommicrA
sequences in this study suggest that some methanogens exitttena dormancy when
conditions are not favorable for their particular metabolic neddke wthers are more
involved in methane production. Overall, the examination of the diverditth®
functional genemcrA indicates that conditions and available substrates affect which

members of the methanogen community are most active at a given time.

1.9 Specific Aim IV: Quantification of mcrA transcripts in anaerobic enfichment

cultures and digesters.

1.9.alntroduction. Because transcription can be more closely linked to activity, the
determination omcrAtranscript number could be a better indicator of methane
production rates thamcrAgene copy number. This hypothesis is supported by a recently
published study by Freitag and Prosser (2009) in which they found a relationshegietw

mcrAtranscript to gene copy ratios and methane production in peat.

1.9.bAims and Hypothesi3.herefore, it was hypothesized that the abundanoe oA
transcripts in the anaerobic biomass of anaerobic digesters would positirrelate
with methane production rates against specific substrates. In order tostésfothesis
RNA and DNA were extracted from the same sample from four enrichment subixe
lab-scale digesters, and six industrial scale digesters. QuantitatR/¢NA samples)
and gRT-PCR (RNA samples) were performed and results were comparedridaadst
curve to determinencrAgene copy and transcript numbers. SMA assays were also
performed on each biomass sample. Regression analysis was then usednioalétar

significant positive relationship existed betwaecrAgene copy numbemcrA
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transcript number, and the methanogenic potential of each biomass samples against

specific substrates (Chapter 5).

The number oimcrAtranscripts, when detectable, did correlate well with
SMA assay results; however, transcripts were not detected from threesif thdustrial
digesters with low specific methane production rates (Chapter 5). Theraetore,
transcript number may be more useful in monitoring methanogens in anaerobic sligester
which are functioning at or above a certain level in terms of methane production or
organic waste removal, but may not discrimate between digesters which di@ningc

below that level.

The data obtained from these studies broadens the previous knowledge of
microbial communities, especially methanogen communities, within anaeligesters,
and will be used to better monitor and engineer microbial communities in anaerobic

digesters and to design bioaugmentation mixes for digester supplementation.
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Chapter Two
Materials and Methods

2.1. Sample sourcesAnaerobic biomass was collected from anaerobic hydrogen
enrichment cultures (R1,R2,R3,R4), lab-scale anaerobic digesters (NNR2,NNR5
VP-0, VP-10,VP-50, M) and industrial/municipal full-scale digesters (MMBR 38\
JBS, CB,KI,CF). The enrichment cultures and digesters chosen for use in thesstady
in substrate (Table 2.1). Enrichment cultures and lab-scale digestennaiatained at
the Water Quality Center in the Civil, Construction, and Environmental Engineering
Department at Marquette University, Milwaukee, WI. All cultures and taltesdigesters
were bioreactors maintained at 35°C and continuously mixed. Industrial and municipal
samples were from digesters operated by municipalities and industriesstatthef
Wisconsin, except CH (Chapter 3) which was taken from a digester operated in
California. CB is an upflow anaerobic sludge blanket reactor (UASB), JBS is an
anaerobic contact process digester, and the rest are continuously-stirreadéoris re
(CSTR) (Figure 2.1). Metadata for operation of industrial digesters C&,KIBand

MMBR may be found in Appendix IV.
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Table 2.1:Descriptions of the Cultures and DigestersDescription of anaerobic

cultures and digesters from which biomass was collected for this study.

Digeste Size Substrate Additional Amendments
r
R1 2L H and CQ(50:50) None
Basal media*
R2 2L H and CQ(50:50) Glucose (84 mg/d)
Basal media
R3 2L H and CQ (50:50) Oxygen (75 mg/d)
Basal media
R4 2L H, and CQ (50:50) Glucose (84 mg/d)
Basal media Oxygen (75 mg/d)
NNR2 | 2.5L Basal media None
Synthetic Sludge'l
(4.8g TS/d)
NNR3 | 2.5L Basal media Flavorings yeast (0.26 gCOD/d)
Synthetic Sludge | Float (0.52 gCOD/d)
(4.8g TS/d) Can crushing waste (0.22 gCOD/d)
Thin Stillage (0.76 g COD/d)
Acid whey (0.54 g COD/d)
NNR5 | 2.5L Basal media Flavorings yeast (1.05 gCOD/d)
Synthetic Sludge |
(4.8g TS/d)
VPO 150ml Calcium Propionate | None
(0.17g/L-d)
Basal media
VP10 150ml Calcium Propionate | Oxygen (0.025mg/L)
(0.17g/L-d)
Basal media
VP50 150ml Calcium Propionate | Oxygen (0.125mg/L)
(0.17g/L-d)
Basal media
M 40L Synthetic Sludge fi | None
(30g /day)
Basal media
CH Hilmar Cheese| Whey None
MMSS | Municipal Municipal None
MMBR | Municipal Municipal None
JBS JBS Packerland Beef slaughter plan None
CB City Brewery Brewery None
Kl Kerry Milk-derived food None
Ingredients additives
CF Crave Bros. Dairy cow manure None
Farm
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*Basal media for hydrogen enrichment cultures doeththe following (mg LY): NH,CI (400);
MgSO,+6H,0 (250); KCI (400); CaG#2H,0O (120); (NH),HPO, (80); FeCls6H,0O (55); CoCjs6H,O
(10); KI (10); the trace metal salts Mp&IH,O, NH,VO3, CuChe2H,0, Zn(GH30,),*2H,0, AlCl3;*6H,0,
NaMoOy+2H,0, HsBOs, NiCl,*6H,0, NaWQe«2H,0, and NaSeQ) (each at 0.5 mg1); yeast extract
(100); NaHCQ (50002; and resazurin (Schauer-Gimenez et al. 20S9nthetic sludge | consisted of
ground dry dog food:Synthetic sludge Il consisted of nonfat dried ndfied overnight in 103 °C oven,
weighed, and then dissolved in water.
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Anaerobic biomass samples from cultures and digesters operated in the lab
(except lab-scale digester M samples which were collected duringdumsec
experiments) were collected using sterile syringes or pipets and plabedse- and
RNase- free centrifuge bottles. The samples were then kept on icageregéd until the
nucleic acid extraction procedure, which for RNA extractions was irdtiatthin one
half hour of collection. The samples collected from M were poured directly in Daade
RNase- free centrifuge bottles from a port on the digester and then weediatety
stored at -80 ° C until all samples for the time course were collected. latlostnicipal
digester samples were collected in Dnase- and RNase- free (D&EREJ)rcentrifuge
bottles, placed on dry ice for transport, and then stored at -80 °C until centrifugation (24
— 48 hr), except samples C and B (Chapter 3) which were shipped on ice from their
respective plants.
2.2. Nucleic Acid Extractions. DNA was extracted from each of the biomass samples
using one of two methods (Table 2.2). The first extraction method was performed using
the Powersoil™ DNA Extraction kit (MOBIO, Carlsbad, CA) according to the
Alternative Lysis protocol suggested by the manufacturer’s instructiotisgaeduction
of DNA shearing (Chapter 3). DNA extractions were also performed in tandém w
RNA extractions on biomass samples using the RNA Powersoil™ Total RNAdsola
kit with the DNA Elution Accessory Kit (MOBIO, Carlsbad, CA) according to the

manufacturer’s standard protocol (Chapters 4 and 5).

RNA extractions were performed, along with DNA extractions, on
biomass samples using the RNA Powersoil™ Total RNA Isolation kit with the DNA

Elution Accessory Kit (MOBIO, Carlsbad, CA) according to the manufac¢suseandard
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protocol. RNA samples were treated with Rnase-free Dnase (Reasbrase Set,

Qiagen, Valencia, CA) and purified using the Rneasy ®Mini Kit (Qiagen, ValeGéin

Table 2.2.Nucleic Acid Extraction Methods. A description of the various nucleic acid
extraction methods used in this study and the data sets which were obtained using
samples obtained through the use of each of them.

MO BIO Kit Data Sets Generated from the Extraction Method

Powersoil® DNA isolation kit

RFLP study (Chapter 3)
alternative lysis methodeplacing
bead-beating with heating and
brief vortexing
Powersoil® RNA isolation kit with
DNA elution accessory kit DNA and RNA clone libraries (Chapter 4)
chemical and physical lysis gPCR (Chapter 5)

including phenol:chloroform:
isoamyl alcohol
Larger mass of sample

After purification, DNA and RNA were checked for integrity on agarasde g
(1.5% wiv) stained with ethidium bromide and quantified using a spectrophotomer
(Nanodrop ND-1000, ThermoScientific, Waltham, MA). Gels were visualized using a

UVP Model M-20 UV transilluminator (UVP, Upland, CA).

2.3.Polymerase chain reaction amplification ofncrA The primer pair designed by

Luton et al. (2002)mcrF 5-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3

and mcrR 5-TTCATTGCRTAGTTWGGRTAGTT-3’ was used for PCR amgidifion.

The final component concentrations per 50 pL PCR reaction were as follows: 100 nM
each primer, 0.2 mM dNTPs, 1X Colorless GoTaq Reaction Buffer which contained 1.5
mM MgCl, (Promega, Madison, WI), and 1.25U GoTaq polymerase (Promega).

Template concentrations were approximately 100 ng per reaction tube. The PCR
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conditions were as follows: initial denaturation at 95°C (5 min), 35 cycles of 95°C (1
min), 49°C (1 min), and 72°C (3 min), and a final extension of 10 minutes at 72°C. The
program included a slow ramp in temperature (0.1%Mstween the annealing and
extension steps of the first 5 cycles of the protocol to assist in the initisdtformof

product due to the degenerate nature of the primers, as recommended (Lui@0eRal.
The size of the expected PCR products was confirmed using a 1% (w/v, Tris-aceta
EDTA buffer, Sambrook and Russell, 2001) agarose gel afidiad Il digest)$pX174

(Hae Il digest) DNA ladder stained with ethidium bromide (0.01%, v/v). Gele

visualized as described above.

2.4.Cloning: Clone libraries were constructed by ligating therAPCR products into

the pCR 2.1-TOPO® vector and then transformation into One Shot TOP10™ chemically
competent. coliusing the TOPO TA® cloning kit according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). Ampicillin (25uL of 50mg/ml) and K¢géu L

of 40mg/ml) amended Luria-Bertani agar was used for blue-white screertimg of
transformants (Sambrook and Russell 2001). Randomly selected white color@es wer
used for direct PCR with the vector-specific primers PUCF (5'-
GTAAAACGACGGCCAG-3") and PUCR (5-CAGGAAACAGCTATGAC-3)
(Invitrogen, Carlsbad, CA). The 50-uL final volume PCR reaction component
concentrations were as described above. The PCR conditions for the PUC prireers we
as follows: denaturing temperature oP@41 min), annealing temperature o851

min), and elongation temperature oPZ1 min), and a final extension of 10 minutes at

72°C. The size of the PUC-amplified PCR products were confirmed as destrived a
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2.5.Restriction Fragment Length Polymorphism AnalysisFour individual digests

were performed on the cloned PUC-amplified PCR product contaiming using the
restriction enzyme$ad, Rsal MsplandSau961(New England Biolabs, Ipswich, MA)

for cultures R1 and R3 as well as digesters C and B (CB). Three individual digests w
performed on the cloned PUC-amplified PCR product contamicig\ from cultures R2

and R4 using the restriction enzynie=fl, Rsal andSau961(New England Biolabs,
Ipswich, MA). PCR product (10-100 ng) was added to each 20 pul (total) digest mixture,
which included 1 pl of enzyme (5,000U mBau961:10,000U mt', Rsal; 20,000U mif,
Tad'l andMspl) and 1X concentration of the buffer provided with the enzyme (New
England Biolabs)Rsal, MsplandSau961digests were incubated at 37° C, diadf'|

digests were incubated at 65°C, as indicated by the manufacturer’s instruafitens.
digestion to completion, digests were separated on 2% (w/v, Tris-ac&aietuffer,
(Sambrook and Russell 2001)) agarose gels stained with ethidium bromide (0.01%, v/v)
and compared to a 100-base pair ladder (Promega) to ascertain theirorgiatterns.

Gels were visualized as described above.

2.6.Sequence AnalysisFor the clone libraries subjected to RFLP analysis, the PCR
products having unique restriction patterns when the results of three restricésts dig
(Rsal, Sau961, and Tdywere combined (see Results) were purified using Qiaquick™
PCR Purification Kit (Qiagen, Valencia, CA), normalized to a concentration of/f0 ng
and sequenced with a capillary automated DNA sequencer (Applied Biosystems,
Carlsbad, CA) at the University of Chicago Cancer Research Center DiNfI8eENg
Facility. Several clones from clone library DNA-I with replicate RFLRgyas were

included in the sequencing run. All clones from libraries not subjected to RFLyBianal
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were sequenced. The forward and reverse sequences were analyzedghing Fi
(Geospira Inc., Seattle, WA) and VectorNT]I (Invitrogen Corporation, Car|sha)

software. Consensus sequences were assembled using the ContigExpress tool in
VectorNTI. Residual vector sequence was removed from the consensus sequenaes using
software program which utilized VecScreen in the Basic Local Aleirgearch Tool
(BLAST) at NCBI to flag and remove vector sequences from the samplensediues
(Altschul et al. 1997). Nucleotide-nucleotide BLAST searches were conduittethe

mcrA sequences to determine their relationship to refenerncA sequences in

GenBank®.

2.7. Computer Simulation of Restriction Fragment Length Polymorphism Aalysis:
Computer simulations of the RFLPs with a method similar to that of Moyr @996),

were conducted using timecrA sequences representing an OTU from each of the four
digesters. Ann silico digestwas generated using the Biopython restriction enzyme
application (Cock et al. 2009) for all four enzymes used in the actual RFLyBiandhe
segments resulting from silico digestion of the sequences were binned into 20 base pair
categories to determine the presence or absence of a band of corresparditacsi

was translated into an output file suitable for use with restdist, a program inahutied i
PHYLIP package which creates distance matrices frosilico restriction digest data
(Felsenstein 2005). Combinations of these output files were then made for each of the

enzymes and all possible enzyme combinations.

2.8.Phylogenetic Analysis:mcrAsequences were aligned using ClustalW (Thompson et
al. 2002). Further phylogenetic analysis was carried out using the PHY tdRofui

programs (Felsenstein 2005). Segboot (PHYLIP) was used on the combined output file
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for each enzyme or combination of enzymes and on each set of unique sequences from
each digester to create bootstrap samples. Then the bootstrap samplesenedardat
dnadist (sequences) or restdiatgilico restriction digests) PHYLIP programs to create
distance matrices. The dnadist or restdist output files were used to creistedpped
neighbor-joining trees using neighbor and a final consensus tree for eachsfitecated
using consense (PHYLIP). The consense trees were visualized using Figtree v1.2.3.
Maximum likelihood and maximum parsimony trees were also created forghenaes

using dnapars and dnaml (PHYLIP). No major differences were observed among the
maximum likelihood, maximum parsimony, and neighbor-joining trees from each

individual set of sequences.

Treeclimber (Schloss and Handelsman 2006) was used to compare the

methanogen communities as represented by the neighbor-joining phylogemstic tre

2.9.Statistical Analysis of Clone libraries: Rarefaction curves were generated for the
RFLP data from each clone library as described by (Kemp and Aller 2004) tmmexam
the extent of coverage of the diversity of the methanogen community in eachrdigeste
and the Shannon Index was calculated from the RFLP data for each libraryrmamete
methanogen community heterogeneity (Shannon and Weaver 1964) c/hbev&alue

was also calculated from the RFLP data from DNA-I to estimate covefagerA

diversity within the culture by the library (Chao 1984, Chao 1987).

For the clone libraries in which all of the clones were sequenced, DOTUR
(Schloss and Handelsman 2005) was used to calculate the Shannon Indgx.and S

values, as well as to determine the number of unique operational taxonomic units (OTUS)
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present and to generate rarefaction curves. Although the percentageenicgequ

similarity amongmcrAnucleotide sequences has not been determined, Edmonds et al. (
2008) suggested using amino acid sequence similarity of 90% (0.10) and Rastogi et al.
(2008) suggested using 94% (0.06). In order to determine which sequence similarity t
use withmcrA nucleotide sequences, the DNA and cDNA sequences for each of the
enrichment cultures (R1,R2,R3, and R4) were translated into amino acids using the
Virtual Ribosome web-based tool (Wernersson 2006). The translated sequemces wer
aligned using ClustalW (Thompson et al. 2002). The alignment was converted into a
distance matrix by protdist from the PHYLIP suite of programs (Fels@n2d05), and

the matrices were then analyzed using DOTUR (Schloss and Handelsman 2005).
DOTUR results based on 90-94% similarity were compared to DOTUR resuttghe
original nucleotide sequences. The amino acid sequence data for 90-94% gimdaarit
comparable to nucleotide sequence results at 97% (0.03) similarity, and #nénator

value was used when reporting data from DOTUR analyses.

Evenness was calculated using the following equation:

J=H/InS

where J is evenness, H' is heterogeneity (Shannon index), and S is richiessLd&e).

2.10.Nucleotide Sequence Accession Numberall nucleotide sequences generated in
the course of this study can be found in the Genbank® database under accession numbers
HM800526 through HM800637 and HM80666 through HM80695 and JF460039 through

JF460714.
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2.11.Reverse Transcriptase (RT-) PCRRT- PCR was performed using the iScript™
Select cDNA Synthesis Kit (Biorad, Hercules, CA) on 1400 ng of each purifigd R
extract, except in cases where the concentration of the extracted RNdoNaw to
allow addition of the entire 1400ng. In these cases, as much RNA as possible (R1-11:
758 ng, R1-16: 589 ng, M-BR-24: 256 ng, M-2R-24: 1109 ng, VP-0: 261 ng, VP-10: 119
ng, VP-50: 150 ng, M-8R-24: 696 ng, and CF: 481 ng) was added to the RT-PCR
reaction (only 12.9 ul of template could be added to each reaction). Controls included no-
reverse-transcriptase controls for each sample, and no-template cfamtealsh run.
Each 20 ul reverse transcriptase reaction consisted of 1X iScript salgaimenix
(reaction buffer containing dNTPs, magnesium chloride, and stabilizers), 500rR mcr
primer 5’-TTCATTGCRTAGTTWGGRTAGTT-3’(Luton et al. 2002), 2 ul GSkhancer
solution (Biorad), 1 pliScript reverse transcriptase (RNasS&MLV reverse
transcriptase and RNase inhibitor protein), and RNA as discussed above. Thet®i rea
conditions were as follows: 42 °C for 1hr 30 min and then 85 °C for 5 minutes. The
resulting cDNA samples were stored at -20°C.
2.12.Quantitative PCR.qPCR was performed according to the guidelines suggested by
Smith (Smith et al. 2006, Smith and Osborn 2009) except for the standard curve (see
below) and the suggestions found in the MIQE guidelines (Bustin et al. 2009) which are
applicable to environmental samples.

gPCR was performed using the primers designed by Luton et al. (2002): mcrF 5’
-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3'and mcrR 5'-
TTCATTGCRTAGTTWGGRTAGTT-3’ and previously used for gPCR (Freaad

Prosser 2009, Freitag et al. 2010, Goffredi et al. 2008, Vianna et al. 2006). The product



46

of these primers is ~460 bp wicrA the gene encoding tlxesubunit of methyl
coenzyme M reductase. The final gPCR mix per 25 ul reaction was as fdKw@™
SYBR® Green Supermix reaction buffer containing dNTPS , iTag DNA polymenase a
3 mM MgCl (Biorad, Hercules, CA); 750 nM mcrF and mcrR; and template DNA (0.3-1
ng) or cDNA (1 pul of RT-PCR reaction, unless RT input amount was less than 1400 ng in
which case the amount of RT reaction added to gPCR mix was increased to account for
the difference between 1400 ng and the actual amount (see above). Each qPCR run
included a no template controls and the no-RT controls from the RT reactions. Samples
were kept on ice during set up of the run. The gPCR reactions were performed with the
Biorad MylQ™ Single-Color Real-Time PCR Detection System using thewwlp
program: initial denaturation at 95°C (10 min), 45 cycles of 95°C (30 sec) and 58.5°C (1
min), and a final extension of 7 minutes at 72°C. The amplification program was
followed by a denaturation curve program (80 cycles 10 sec in length starting atrsb°C
increasing in 0.5°C increments) to check for product specificity. Products froah ini
runs were also examined for specificity using 1.5% agarose gels abe@sbove.
Starting quantity amounts and threshold cycle values were calculated usihg @
optical system software version 1.0.

gPCR standards used in all runs were created using pocl&DNA clones
from anaerobic biomass samples whose sequences had been determined as part of a
previous study. Care was taken to choose a broad spectmorAdfequences
representative of methanogen genera commonly seen in anaerobic digesters
(Methanospirillum, Methanobacterium, Methanosaeta, Methanoculleus,

Methanobrevibactgras well as clones whose sequences could not be related to a specific
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methanogen genera (Steinberg and Regan 2008). Nucleotide sequences focithese
clones can be found in Genbank® under accession numbers HM800527-528, HM800531,
HM800534-536, HM800542, HM800547, HM800549, HM800560, HM80072,
HM800574, HM800581, and HM800611. Concentrations of purified (QIAquick ® PCR
Purification Kit, QiagenjncrAclones were determined by spectrophotometry (Nanodrop
ND-1000, Thermo-Scientific), and then 50 ng of each was added to the standard mix.
Concentration of the mix was confirmed, and the mix was diluted to 0.1ng/ pl. 5 pl
aliquots of the diluted mix were stored at -80 °C. Freshly thawed aliquots weréouse
each gPCR run.

2.13. Denaturing Gradient Gel Electrophoresis (DGGE):DNA extracts from

industrial samples were amplified withcrAspecific primers described above with one
exception, the forward primer was modified to include a GC clamp (5'-CGCCCGCCG
GCCCCGCGCCCGTCCCGCCGCCCCCGCCCGGGTGGTGTMGGATTCACACAR
AYGCWACAGC-3’) (Luton et al. 2002, Muyzer et al. 1993). The final component
concentrations per 50 pL PCR reaction were as follows: 100 nM each primer, 0.2 mM
dNTPs, 1X Colorless GoTag Reaction Buffer which contained 1.5MghMl, (Promega,
Madison, WI), and 1.25U GoTaq polymerase (Promega). Template concentrations were
approximately 100 ng per reaction tube. The PCR conditions were as follows: initia
denaturation at 95°C (5 min), 35 cycles of 95°C (1 min), 58°C (1 min), and 72°C (3 min),
and a final extension of 10 minutes at 72°C. The program included a slow ramp in
temperature (0.1°C" between the annealing and extension steps of the first 5 cycles of

the protocol to assist in the initial formation of product due to the degenerate nahee of
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primers, as recommended (Luton et al., 2002). The size of the expected PCR products
was confirmed using a 1% agarose gel as described above.

Analysis of the PCR products on polyacrylamide gels was performed by Dr. V.P.
Tale (Department of Civil, Construction, and Environmental Engineering, Magquett
University). Equal PCR product concentrations from each PCR reaction were then used
for DGGE in a 1mm thick 8% polyacrylamide gel (37.5:1 acrylamide to bis-atiggg
with 40-70% denaturant gradient (urea and formamide). Electrophoresis at 100V for 15h
was performed using the Universal DCode Mutation Detection Sy8iemad). The
DGGE gel was stained with 1% SYBR Gold Nucleic Acid stain (Invitrogen) for 30
minutes and visualized using the GelDoc-It Imaging System (UVP).

A tree representing the relationships between the industrial samples’ DGGE
patterns was constructed by Dr. V.P. Tale (Department of Civil, Construction, and
Environmental Engineering, Marquette University) using the optical densdy dat
collected by the Labworks™ software (Lablogics, Inc., Mission Viejo,. @&arson’s
correlation coefficient (r) was calculated using the densitometric diaga€h pair of
samples. A distance matrix representing the relationships among the detgitdata
was calculated using - values. An unweighted pair group method with arithmetic
mean (UPGMA) tree was plotted using the distance matrix and the PHY liWasof
package (Felsenstein 2005). The obtained tree was rooted to the sample having highest
SMA against propionate (i.e., CB).

2.14. Volatile Solids (VS) and Volatile Suspended Solids (VSSY'S and VSS
measurements were performed by Dr. A.E. Schauer-Gimenez, Dr. Al MIr. N.

Navareenthan, and Mr. U. Bhattad (Department of Civil, Construction, and
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Environmental Engineering, Marquette University) according to standard methods
(American Public Health Association (APHA 1998).
2.15. Specific Methanogenic Activity AssaydMethanogenic activity assays were
conducted by Dr. A.E. Schauer-Gimenez, Dr. V.P. Tale, Mr. N. Navareenthan, and Mr.
U. Bhattad (Department of Civil, Construction, and Environmental Engineering,
Marquette University) in triplicate, modified from the protocol describeGbates et al.
and others (Coates et al. 2005, Coates et al. 1996, Schauer-Gimenez et al. 20&60, Zitom
et al. 2008b). All assays were performed under anaerobic conditions in 16fsml se
bottles with 25 ml (< 3g VSS/L) of biomass. The VSS concentration was deéel iz
the beginning and end of activity tests and the average of the two values wasemploy
for specific activity calculations.

For H,/CO, specific activity assays, the serum bottles were sparged with gas (4:1
viv H,:C(O,) and closed with solid Balch-type butyl rubber stoppers and aluminum
crimped seals. Immediately thereafter, 100 ml of th€8, gas blend at ambient
pressure and temperature was injected through the stopper using a syringelnd nee

For acetate and propionate specific activity tests (Zitomer et al. 2088hysa
were supplied with 3g/L propionate in the form of calcium propionate or 10g/L calcium
acetate whereas the control assays were not supplied with any subskitaie. Al
propionate and acetate assays were then sparged with gas (7:300y)No establish
anaerobic conditions and solid Balch-type butyl rubber stoppers and aluminum crimped
seals were used to maintain anaerobic conditions.

Immediately after the addition of substrate to the test assays, atishotte

incubated at 35°C and shaken at150 rpm using an incubator shaker (model C25KC, New
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Brunswick Scientific, Edison, NJ). Bottle head space volume was measured emtambi
pressure (approximately 1 atm) for 30 days by inserting the needle asasgtange with
wetted barrel. Syringe content was re-injected into the serum bottteraftime
measurement. Headspace methane content was analyzed using gas chapmahyg
standard methods (APHA et al. 1998). Methane produced by the control assayseaiccount
for endogenous decay, so was subtracted from methane produced by test asslgys. Final
maximum methane production rate (ml ZVSS-hr) was determined as described in

the literature (Owen et al. 1979, Speece 2008, Zitomer et al. 2008b).
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Chapter Three
Application of Restriction Fragment Length Polymorphism Analysis ofmcrA for
Determination of Methanogen Diversity

3.1 Introduction

Methanogeni@rchaeaare important members of the microbial community in
anaerobic environments, responsible for completing one of the final steps in the
degradation of organic matter (i.e., methane production) and thus, maintaining the
cycling of carbon. Methanogens play an especially important role in anaeaie w
treatment digesters. Although degradation of organic waste as a whole iy actueed
out by an interdependent microbial community, methanogens complete the anaerobic
treatment process by creating methane from products such as acebate doaxide and
hydrogen gas which are produced by other microbes. Furthermore, the methane
produced by these organisms can be collected and used for energy as a renewable
alternative to fossil fuels. Therefore, understanding methanogen comntwntyie is

important when attempting to optimize both waste treatment and methane production.

Diversity is an important facet of community structure which can be edlyeci
significant in studies which seek to link structure to function. In the case of araerobi
wastewater treatment, the entire microbial community has been a “blackRigiére et
al. 2009) throughout most of the history of this technology. The relationship between
structure and function of the community as a whole as well as within the guilds of
organisms such as the methanogens within the community is not clear. However, because
anaerobic digesters are controlled, artificial environments, the potentaidoreering

microbial communities with improved stability, organic waste removal, andame
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production clearly exists. Methanogens would be critical members ofesgd
communities of this sort because of their contributions to both waste removal and
methane production. Therefore, methods for the detection of methanogen diversity used

for comparisons with digester function must be thorough and comprehensive.

Although 16S ribosomal RNA (rRNA) genes are used to determine operational
taxonomic units (OTUs) in most molecular studies of microbial communities,
methanogens possess a unique operon which encodes the methyl coenzyme M reductase
(MCR). MCR is a multi-subunit enzyme which catalyzes the final step tifanegenesis
and is unique to methanogens and the anaerobic methane-ox#izivapa(Hallam et
al. 2003, Springer et al. 1995). Previous studies have established that the gene which
encodes the alpha subunit of MORofA) can be used to detect methanogen presence in
the environment and is suitable for defining methanogen diversity (Luton et al. 2002,
Springer et al. 1995). The PCR primer set developed by Luton, et al. (2002) ihas bee
shown to consistently amplify an approximately 460 base pair segmentro€the
sequence from a wide range of methanogenic genera (Banning et al.\RfitHeh et

al. 2005, Juottonen et al. 2006, Luton et al. 2002, Pereyra et al. 2010).

Restriction fragment length polymorphism analysis (RFLRhofA clone
libraries has often been, and continues to be, used to determine the diversitysof OTU
during the examination of methanogenic communities (Castro et al. 2004t Blrl
2003, Galand et al. 2002, Galand et al. 2005b, Nercessian et al. 2005, Nettmann et al.
2008, Orphan et al. 2008, Pereyra et al. 2010, Scanlan et al. 2008, Smith et al. 2007,

Ufnar et al. 2007). However, there is no consensus in the published literature to date as t
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Table 3.1.Description of Restriction EndonucleasesRestriction endonucleases used
in previous studies using RFLP and terminal restriction fragment length paliyisior
(T-RFLP) analysis with the Luton et al. (2002) primersnfmrAclone libraries. (Source
for restriction sites, New England BioLabs, Ipswich, MA)

Enzyme(s) Used Publication

Restriction Sites

Taql Luton et al. 2002, Castro et al. 2004, Nettmann et al. 2008

5-T 'CGA-3’
3-AGC T-5'
Sau961 Castro et al. 2005 (T-RFLP)

5-G GNCC-3
3-CCNG G-5

Rsal Smith et al. 2007

5-GT AC-3’
3-CA TG-5’
Mspl and Taq| Galand et al. 2005, Ufnar et al. 2007

5-CC GG-3
3-GG CC-%

5-T 'CGA-3'
3-AGC T-5
Mspl and Haelll Nercessian et al. 2005

5-CC GG-3
3-GG CC-5

G CC-3
C GG-%

w o
0o

Rsal and Haelll Orphan et al. 2008

5-GT AC-3
3-CA TG-%

5-GG CC-3’
3-CC GG-5’
Mboll Pereyra et al. 2010

5-GAAGA(N) 5 -3’
3-CTTCT(N) ; -5’
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which restriction enzymes, or even how many, should be used to obtain the most
complete RFLP coverage wicrAdiversity. In previous RFLP studies, after PCR
amplification with the Luton et al. (2002) primer set, one or two enzymes watldas

examinemcrAdiversity (see Table 3.1).

However, Moyer et al. (1994) demonstrated that the use of three or four
restriction enzymes in RFLP was necessary to obtain good coverage efrédrdsented
by the 16S rRNA gene. Although this study is now seventeen years old and the use of
RFLP has been expanded to examine the diversity of many functional gegdsywer
studies have examined the choice of restriction enzymes for use with fuhgeoea
and RFLP. Poly and colleagues (2001) did show that three enzyme combinations were
best for use witmifH genes, but the majority of studies which use RFLP on functional
genes for diversity studies fail to address this topic. BasedcoAsequences in
GenBank®, Steinberg and Regan (2008) determinedrtbigh sequence similarity
within genera varies much more widely than among 16S rRNA sequences from the same
genus and a percentagenadérA sequence similarity which may be used for taxonomic
resolution to the species level has not been determined. If RFLP is used tadigieet
mcrAclones either for determination of OTUs or for selection of unique clones to be
sequenced for identification and phylogenetic analysis, detection of asofriueytruly

unique sequences as possible is important.

This study was performed to test the hypothesis that the use of multipletiestri
enzymes in RFLP is necessary to obtain sufficient coverage of OTUs whaimiexa
diversity ofmcrA. The hypothesis was tested by digestimgAclones withTad |, Rsal,

Mspl,andSau961The clone libraries used were constructed using PCR products from
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DNA extractions from biomass of four different methanogenic cultures: tvoodtory-

scale bioreactors and two full-scale digesters. The RFLP data fromes&attion

enzyme (and all possible enzyme combinations) were used to generate oareiactes

and to calculate the Shannon Index and the number of OTUs for each clone library.
UniquemcrAclones were sequenced. Phylogeneticiarslico RFLP analysis was also
performed on the uniquacrAsequences. Results of these analyses were then compared
to determine which enzyme or enzyme combination provided the most thorough coverage

of methanogen OTUSs.

3.2.Results

3.2.a Restriction Fragment Length Polymorphism (RFLP) Analysis

Four clone libraries constructed frantrAsequences from the four different anaerobic
cultures were used to determine the number and specific restriction enzyessangto
achieve the most coveragero€rAdiversity. Analysis of the RFLP patterns indicated
that more than one enzyme was required to distinguish umqrclones (Figure 3.1).

This observation held true for each of the clone libraries examined.

3.2.b Operational taxonomic units (OTUS).

When using RFLP witimcrAsequences to select unique OTUs, more were identified as
additional restriction enzymes were used for analysis as expected §lable
Furthermore, using three enzyme combinations in RFLP the greatest rafrab&jue
mcrAsequences was determined ushiagf'l, Rsal,and Sau961digests of clones from R1
and B, andradl, Rsal,andMspl digests of clones from R3 and CH. Examination of

RFLP usingTad'l, Rsal,andMspl resulted in identification of similar numbers of unique
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OTUs as found usingad'l, Rsal,andSau96lon mcrAfrom all cultures except R1, in
which the use ofau961lresulted in the detection of nine more OTUs thtspl. In
contrast, in cultures CH, CB, and R3, only 1-3 OTU differences were detected when

Sau96landMsplwere interchanged.

Five sets of clones with replicate sets of restriction patterns wgquesced and
the sequences were compared to determine whether clones with replicates pate
truly duplicates. When aligned and compared, clones with replicate RFLhpatte
showed between 94-100% sequence similarity and when companetdAsequences
found in GenBank® using blastn (Altschul et al. 1990, Altschul et al. 1997) replicates

were most similar to the same stored sequences.

3.2.c Shannon Index.

When the RFLP data from the four enzymes were used sequentially to caloeilate t
Shannon Index (Shannon and Weaver), greater heterogeneity was observed when using
data obtained from three enzymes than using only one or two enzymes (Tableh&2). W
RFLP data from digests using all four enzymes were used to calcul&kahaon Index,
higher values were obtained than when using three enzymes. However, furthas analys
revealed that while statistical differences existed between using twe enzymes and
between using three or four enzymes (p>0.05, ANOVA, Tukey test), there was no
statistical difference between Shannon Indices calculated using bitbeior four

enzymes (p<0.05, ANOVA). The greatestrAgene heterogeneity was demonstrated
using the three restriction enzymesfl, Rsal,andSau961n three out of the four

methanogenic cultures sampled. However, analysis 0sidd, Rsal,andMsplresulted



57

,F>

R
.

Ta "I Mspl R I Sau961
123 123 123 Tagq®l Mspl Rsal Sau961

456 456 456 456

._
IE BB | | o . Eaa s M1
500
100
- s
IR se——

Figure 3.1: Representative Restrictioin Digest GelsRestriction digests separated in 2% agarose gdistamed with ethidiur
bromide. Each gel shows 3 representatnge? clones cut with four different restriction enzymasDigests oimcrAclones
rim_B_58 (1), rim_B_59 (2), and rim_B_52 (3). Instlcase, digests usilRsaldemonstrate that the three sequences are diff
while Tadfl digestion did not discriminate among the sequeated. MsplandSau96lwere able to distinguish difrences in two of
the three sequenceB. Digests ofmcrAclones rim_R_194 (4), rim_R_195 (5), and rim_R_{®6 In this caseRsaland
Sau96dligestion failed to discriminate among the sequendsle Tad| digestion showed that all three sequences wnique.
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Table 3.z. Comparison of Restriction Enzyme Combinations Comparison of
combinations of restriction enzymes using the number of unique operational taxonomic
units (OTUs) and the Shannon Index.

CULTURE

R1 R3 CH CB

Restriction  Unique Shannon Unique Shannon Unique Shannon Unique Shannon
enzymes OTUs Index OTUs index OTUs index OTUs Index

Rsal 13 2.19 10 1.82 11 1.81 10 1.94
Sau961 11 2.15 10 1.46 11 1.31 10 1.72
Mspl 9 1.81 13 1.95 7 1.15 10 1.81
Tadl 15 2.14 16 2.11 11 1.69 8 1.57
Rsal and 37 3.21 30 2.64 27 2.46 26 2.72
Sau961
Mspl and 25 2.67 31 2.68 20 2.01 23 2.42
Sau961
Tad"l and 35 3.12 37 2.96 29 2.66 21 2.36
Sau961
Rsal and 28 2.87 39 2.98 25 2.57 27 2.83
Mspl
Tacf"l and 30 2.89 44 3.22 24 2.41 20 2.40
Mspl
Tacf"l and 33 3.14 44 3.31 36 3.03 25 2.66
Rsal
Rsal, Mspl, 42 3.29 47 3.28 38 3.01 32 2.95
and Sau961
Tad"l, Mspl, 43 3.29 53 3.54 39 3.14 27 2.67
and Sau961
Tad"l, Rsal 52 3.64 57 3.67 46 3.47 36 3.11
and Sau961
Tad'l, Rsal, 43 3.35 58 3.65 49 3.41 35 3.16
and Mspl

All four 55 3.71 64 3.85 57 3.74 39 3.26
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in similar Shannonndices to those obtained by usTadl, Rsal,andSau96. in three

out of four culturesTable 3.2)

3.2.dRarefaction curves.

The rarefaction curves for culture R1 (Figure 3vAas representative of the rarefact
curvesrepresenting the RFLFata from each digester. All of the rarefaction es
demonstrated that the diversitymcrAsequences increased as patterns from |
enzymes were included in the analy For example, wheanly a single enzyme ws
used most of the unique patterns present were detedtedabout thirty clones we
analyzed. However, rarefaction curves created usingpined results from two or thr
different enzyme digests showed that more and moigue patterns were still bei

detected even after clones had been analyzed (Figure 3.2).

60

50

40 4

30

20 -

10 4

1 8 15 22 29 36 43 50 57 64 71 78 85 92
clones analyzed

number of unique restriction patterns

Figure 3.2 Sample Rarefaction Curves Sample rarefaction curves generated from RFLP fdata
cultureR1 showing the effect of single and multiple resiton enzymes on the slope of the curve. Sin
results occurred with other digester samples.irfgl&enzymes. A Tad'l ; B =Rsal C=Sau961D =
Mspl; 2. Two enzymesRsalandSau961 3. Three enzymeJad, RsalandSau961 4. All four enzymes.
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Adding a fourth enzyme did change the rarefaction curves slightly, but not asatlsast
as adding a second or third enzyme. Adding a third enzyme resulted in the detection of
10-15 additional OTUs per digester while the addition of a fourth enzyme only resulted i

the detection of 3-8 more OTUs (Table 3.2).

3.2.eIn silico RFLP analysis.

When themcrAsequences generated from this study which had unique RFLP patterns
were used to make neighbor-joining trees from distance matrices basesilmo
restriction digests (the output from restdist, (Felsenstein 2005), the teegésdcfrom

data from one enzyme showed less branching than trees made using datafrom tw
enzymes (Figure 3.3 A & B). Using data from three different enzyme digsstteckin
more branching of the trees than those created from the data using two e(fzgores

3.3 B & C). However, trees created using four enzyme combinations had similar
branching and clades to those made from using three enzyme combinations (Biglire 3
& D). Trees created using the three enzyme combinditafi, Rsal,andSau961

resulted in branching similar to trees made directly from the sequenasdin$tfrom

thein silico restriction digests (Figure 3.3 C & D).

Histograms depicting size and number of fragments resultingifraitico
digests of the sequences were also compared to photographs of gels for tearsples.
Although the sequences had been processed and trimmed as described in the methods and
sequence data provides a higher resolution than that provided by observation of gel
patterns, the number and size of major bands represented in the histograms laasimi

the number of bands seen in the gels.
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3.2.f Methanogen Community Diversity.The sequence data from the unique clones

was used to determine the assignments of OTUs to specific methanogen gela¢iree R
abundances of clones in each genera showed that lab-scale digesters wereeddyina
Methanospirillumrelated clones while industrial digester biomass was dominated by

MethanobacteriunfFigure 3.4).

100% —
]

90%
80% B Methanobrevibacter

0
70% £’ Methanosaeta
60%

0O<88% sequence similarity with

50% known methanogen genera
40% # Methanobacterium
30%

0 B Methanoculleus
20%
10% O Methanospirillum

(o]

O% T T T 1
R1 R3 CH CB

Figure 3.4 Relative Abundance ofmcrA Clones Abundance of clones in specific
methanogen genera based on 88% sequence similarity (Steinberg and Regan 2008)

3.3 Discussion

Methanogens play an important role in the global carbon cycle as well as in
engineered environments such as anaerobic waste digesters. Thereforagptitaibest
data regarding their community structure is important. WhiteAhas been

demonstrated to be a valuable gene for use in the investigation of methanogens in the
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environment, the data obtained from PCR-based methods using primes Acre

subject to biases inherent in the process from the extraction of DNA from envirohmenta
samples to PCR amplification efficiencies (v. Wintzingerode et al. 199Wekkr, the

primer set designed by Luton et al. (2002) has previously been shown to consistently
amplify mcrAfrom a wide range of methanogen genera (Banning et al. 2005, Juottonen et
al. 2006), making the set a sound choice for the examination of methanogen OTUs in
environmental samples using RFLP. On the other hand, the choice of restriction enzymes

also plays a role in the number of OTUs that can be identified by such a study.

The data in this study indicated that combining the results of at least threse
restriction enzyme digestd mcrAclones provided better coverage of methanogen OTUs
and community diversity in anaerobic biomass cultures than the use of only one or two
enzymes for RFLP analysis. For example, the number of OTUs increased 57-69% when a
second restriction enzyme was used in this determination and an additional 24-33% when
a third enzyme was added to the analysis (Table 3.2 and Figure 3.2), and different
restriction enzyme combinations detected differing numbers of OTUs (Table [32). T
Shannon Index, which measures community heterogeneity, also increasedada the
from additional restriction enzymes were used in its calculation withfisigmi increases
occurring between the use of one or two enzymes and between two or three enzymes
(Table 3.2). Examination and comparison of the neighbor-joining phylogenetic trees
created using thie silico restriction digests also showed that increased diversity was
detected as more restriction enzymes were used in the analysis (Figuidi3.8vas
demonstrated by the increased branching and number of clades seen in the trees as the

data from additional enzymes used ifosilico digests were included (Figure 3.3). Taken
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together, these results indicated that more than two restriction enzymeesegded to be
used with RFLP analysis to obtain the best coverage of the diversity of methanogen

communities.

Further examination of the data demonstrated that the use of three enzymes
provided sufficient coverage of the methanogen diversity. For example, whactan
curves were produced for each clone library, adding a fourth enzyme did nbt great
change the estimate of coverage determined when using only three sr{Ejgoee 3.2).
Adding the data from a fourth enzyme did change the rarefaction curvesyslghthot
as drastically as adding a second or third enzyme to the analysis did @GRjure
Rarefaction curves produced using the data from RFLP with only one enzymeetiatte
after approximately 15 clones were examined, suggesting that mostoéithelone
diversity was captured (Figure 3.2). However, curves plotted using the data from two,
three or four enzymes for analysis continued to climb even when >85 clones were
analyzed (Figure 3.2), suggesting that the diversity of the methanogeruodgnhad
not been fully captured. Furthermore, there was no significant differeteedn the
Shannon Indices calculated using the data from three and four restriction enZiese
results suggested that three enzymes were sufficient to determine community
heterogeneity, and the costs in labor and materials for more restricticitsdigenot

provide enough additional information to be necessary.

The data further suggest that the specific combinatidradf, Rsal,andSau96
digests was the best choice for detecting methanogen diversity udigviRth mcrA.
In half of the cultures included in the study, using this combination for analgsiseck

in the detection of the greatest number of OTUs, and in three out of the four ctiftisres
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combination resulted in the greatest Shannon Index based on the data from three enzymes

(Table 3.2).

The results of this study suggest that previous investigations, which used only one
or two restriction enzymes foncrARFLP analysiso determine OTUs and/or calculate
the Shannon Index, may have underestimated methanogen diversity in the habitats that
were investigated. For example, the Shannon Indices and number of OTUs determine
usingmcrARFLP analysis with one enzyme on samples from the Florida Everglades by
Castro et al. (2004) and Smith et al. (2007) were similar to those found in thisvstedy
using only one enzyme to collect data from anaerobic biomass (Table 3.2). In other
studies, Shannon Indices or OTU quantification calculated using RFLP with twoesnzy
resulted in lower values than those found in this study (Galand et al. 2005a, idareess
al. 2005). However, the environments sampled in these studies, peatlands and deep-sea
hydrothermal vents, may have lower methanogen diversity due to the extrent@nendi

in these ecosystems.

The data from this study also suggest that restriction enzyme choice can make a
significant difference in estimates of diversity. Therefore, daoelsl be taken when
interpreting methanogen community fingerprints obtained using termstatt®n
fragment length polymorphism (T-RFLP) analysis witbrA,as previously discussed by
Castro et al. (2005). Denaturing gradient gel electrophoresis may pravatiea
community fingerprint than T-RFLP when usingrAto study methanogens in the

environment.
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When studying the methanogen community in wastewater treatment plants and
other environmental samples, obtaining good coverage of the whole methanogen
community is important for understanding the relationship between methane output and
community structure. The additional unique sequences that are detected when esing thr
restriction enzymes for RFLP analysis may represent organisms waichrpimportant
role in methanogen community dynamics and function. However, the use of multiple
restriction digests on clone libraries is labor intensive and may require cabéde
amounts of supplies. On the other hand, sequencing costs have decreased rapidly in
recent years, and costs are predicted to continue to decline. If multiplesdigesuly
necessary to obtain good coverage of diversity, either using 16S rRNA or functional
genes such ascrA,sequencing alone may be the most cost-effective approach,

especially in very diverse habitats such as anaerobic digesters.

Finally, the connection between genetic differences and differences in MCR
function is not clear. Further studies must be done before the relationship between the

diversity ofmcrAsequences and methanogen function can be closely linked.
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Chapter Four
Revealing the active methanogen community: comparison of methyl
coenzyme M reductase alpha subunitnfcrA) genes and transcripts present in
anaerobic biomass.

4.1 Introduction

Methanogeni@rchaeaare important members of the microbial community in
anaerobic environments, responsible for completing one of the final steps in the
degradation of organic matter and thus, maintaining the cycling of carbon. Carbon
dioxide and methane are the products of this process, making methanogens important
sources of greenhouse gases as well. Therefore, understanding the sindfurestion
of methanogen communities can provide important insight into mechanisms which have

global impact.

Methanogens also play an especially important role in anaerobic wasteestnea
digesters. Anaerobic wastewater treatment is an environmentally arahecailty
beneficial process in which the biological degradation of organic compounds found in
wastewater results in the production of methane, an alternative energy: saltinoeigh
treatment is carried out by a complex microbial community, methanoganarmpl
especially important role, completing the degradation of organic wastemnathane. If
the methane is captured and burned, the carbon dioxide released is approximately equal
to the carbon dioxide required by the living biomass in the digester (Zitoraker et
2008a). Therefore, anaerobic digestion has two major benefits: the removal of organic

wastes from water and the production of a carbon neutral alternative fuel.

However, the microbial community in anaerobic digesters has been a black box

throughout most of the history of this technology (Riviere et al. 2009), and the miicrobia
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ecology of anaerobic digesters is just beginning to be understood. Becalharagehs

play such an important role, understanding the methanogen community in anaerobic
environments is critical when attempting to increase the efficiency stewaemoval and
biogas production, especially if bioaugmentation is used to encourage digesienfunc
Bioaugmentation has been shown to increase recovery of stressed anaerolgsdigest
under certain conditions (Schauer-Gimenez et al. 2010). However, the composition of
microbial communities used as supplements for successful bioaugmentation hasnot be

fully explored.

Most studies that have utilized molecular biology techniques to study the
microbial community in anaerobic digesters have used analyses based on 16S rRNA
genes. However, the methanogens alone may be studied using the methanogen-specific
genemcrAwhich encodes the alpha subunit of methyl coenzyme M reductase (MCR) for
guantitative and phylogenetic analyses (Freitag and Prosser 2009, Lutd2z0823.

Previous studies have established that the presence and transcriptmoén be used
to detect methanogen presence and activity in the environment (Juottonen et al. 2008,
Luton et al. 2002, Springer et al. 1995). MCR catalyzes the final step in all known

methanogenesis pathways and is required for methane production (Ermler et al. 1997)

Several previous studies have focused specifically on the methanogens in
anaerobic digesters. Hori et al. (Hori et al. 2006) used genus-specifidafiant
polymerase chain reaction (qQPCR) to demonstrate that the composition of the
methanogen community in thermophilic anaerobic digesters changed as the conoentrati
of volatile fatty acids (VFASs) shifted. UsimgcrAinstead of 16S rRNA genes, Rastogi et

al. (2008) found that in a digester degrading cattle manure, seasonal shiftedattine
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methanogen community. Steinberg and Regan (2008) compared the methanogen
communities in an acidic fen and an anaerobic digester usingricoftand 16S rRNA

genes. They found almost no overlap between the sequences from the digester and the
fen, and the majority of the sequences they found were unrelated to any cultured
methanogen species. Similarly, when 16S rRNA genesmandwere used to study the
archaeal community in a biogas plant using cattle manure and corn siladpstagtes
(Nettmann et al. 2008), many of the sequences generated in this studysaestatéd to

uncultured archaea. However, assignments to the genus level were possible.for most

Although these previous studies provide a basis for understanding the
methanogen community in anaerobic digesters, they only addressed the presence or
absence of methanogen genera or species. They did not, however, examine the diversity
of the active methanogen community by looking at the diversityasA genes which are
actually transcribed into mMRNAVhen gPCR amplification ahcrAgenes has been used
to quantify transcripts in peat, the transcript to gene copy raticoihas been shown
to correlate positively with methane production (Freitag and Prosser 2009, Eteitag
2010). Therefore, determining the relative abundanoecof transcripts from
methanogen genera present in anaerobic biomass may provide valuable insight whic

links community structure to digester function.

This study was conducted to investigate the diversitga® in methanogen
communities found in the biomass of anaerobic cultures started from the same seed
sludge, enriched with a mix of hydrogen and carbon dioxide, but maintained under
varying conditions or fed varying substrates. It was hypothesized thaigaonditions

and/or substrates would reveal changes in functional methanogen communttyretr
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Previous studies have shown that altering temperature and ammonia concentrations
causes changes in methanogen community structure (Calli et al. 2005, Mat+fugh

2004). More importantly, it was predicted that not all methanogens present in thiescult
would be contributing equally to methane production as the substrates and/or conditions
varied, demonstrated by the relative abundance of their transcriptiocrAf The data
obtained from these experiments can be used to engineer better anaerolac digest
communities and bioaugmentation supplements aimed at increasing methane production
or ailing digester community recovery.

4.2 Results

4.2.a Genus assignments aficrA clones: Sequence similarity of >88% was used to
assign the 67mcrAclones to a methanogen genus using blastn to compare clone
sequences to Genbank® as suggested by Steinberg and Regan (Altschul et al. 1997,
Steinberg and Regan 2008) (Figure 4.1). Comparison of the DNA and cDNA libraries
showed major differences in relative abundances of clones assigned to eactogestha
genus (Figure 4.1). For example, in the R1 DNA library, just over 50% of the clones wer
related taVlethanospirillumwith the rest split fairly equally betwedfethanoculleusnd
MethanobacteriumHowever, the vast majority (98%) of clones from the R1 cDNA
library had the greatest sequence similarityleihanospirillum.Shifts in the relative
number of clones related kdethanobacteriumandMethanoculleusvere observed when
comparing the R2 DNA and cDNA libraries. Furthermore, wkiethanosaetarelated
clones were observed in a DNA library (R2, R3, and R4), the percentage of

Methanosaetarelated clones was much reduced in the respective cDNA library.
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One effect of the addition of air on the relative abundancecof clones in
differing methanogen genera could be observed in both libraries. Specifidadly, w
cultures were briefly sparged with air on a daily badisthanoculleuselated sequences
were not detected in thlacrAclone libraries (Figure 4.1). Interestingiethanolinea-

related sequences were only observed in libraries which received gleanse @.1).

100

90

80

= Methanolinea
70

B Methanosaeta
60

[0<88% similarity to known
genera

50

40 W Methanobacterium

30 £ Methanoculleus

20
B Methanospirillum

10

Figure 4.1. Methanogen Genus Assignments foncrA Clones Relative abundance of
mcrAclones in each clone library to specific methanogen genera based on 88% sequence
similarity (Steinberg and Regan 2008).
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Figure 4.2Specific Methanogenic Activity Assays.Specific methanogenic activity
(SMA) against H2/CO2 (ml CH4/g VSS-hr) for each anaerobic enrichmdnte(h=3).

4.2.b Specific Methanogenic Activity Assays againstC0O,: SMA assay values (n
=3) ranged from 100.67-456.1 ml ¢per g of volatile suspended solids per hour (Figure
4.2). SMA values for cultures R1 and R3 were significantly higher than those of R2 and

R4 (p<0.05, ANOVA, Tukey test).

No specific abundance ratio for methanogen genera could be related to high or
low specific methane production rates againgCB, (Figures 4.1 and 4.2). However,
the presence or absencawdthanoculleuselated sequences appeared to have no affect
on SMA values when comparing the abundance of clones related to this genus in the

libraries for R1 as well as R2 (Figures 4.1 and 4.2).

4.2.c Statistical analysis of clone librariesOperational taxonomic units (OTUs) based
onmcrAsequence were determined by DOTUR (distance =0.03, 97% similarity) for

DNA and cDNA clone libraries (Schloss and Handelsman 2005). The librartes@ec



75

between 5 (R3, DNA) and 19 (R2, cDNA) unique OTUs (Table 4.1). A relationship
between the richness of cDNA OTUs and specific methanogenic activity lsce
determined when comparing OTU number and SMA values (Table 4.1 and Figure 4.2).
The richness of cDNA libraries was reduced in biomass samples from culitires

higher SMAs, R1 and R3, fR0.85, p=0.028).

Evenness values ranged from 0.12 for R1's DNA library to 0.88 for R3’'s DNA
library (Table 4.1). Shannon indices ranged from 0.41-2.33 with the least het@ygene
seen in R1’s cDNA library and the greatest heterogeneity observed iDRA¢Table
4.1). No relationship between evenness or heterogeneity and SMA results could be

determined (Table 4.1 and Figure 4.2).

Table 4.1. Enrichment Culture OTUs, Shannon Indices, Evenness, @Coverage
Estimates.Operational taxonomic units (OTUs), Shannon indices, apd:Sbased
estimates of coverage for each of the clone libraries. Data was obtaing® @I UR
when distance = 0.03 (97% similarity). Evenness was calculated as dddzyiPielou
(1966).

OTUs Evenness Shannon Coverage
Index Estimate
DNA cDNA DNA cDNA DNA cDNA DNA cDNA
R1| 14 5 0.88 0.25 2.33 0.41 97% 91%
R2| 12 19 0.70 0.75 1.75 2.21 86% 92%
R3 5 7 0.12 0.50 1.19 0.97 100% 70%
R4 7 15 0.64 0.43 1.24 1.18 54% 19%

Rarefaction curves and:s o1 calculations were used to estimate the coverage of
the diversity within each library (Table 4.1 and Figure 4.3). The rarefiacticves for
both DNA and cDNA libraries from cultures R1 and R3 began to level off before 20
clones were sampled. The curves from the R2 and R4 DNA and cDNA libraries

continued to climb after all clones were sampled (Figure 4c3hopbased coverage
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estimates ranged from 19% for R4’s cDNA to 100% for R3’s DNA (Table 4rily. O
three of the eight libraries had coverage estimates under 80%: DNA adforil R4,

and cDNA from R3 (Table 4.1).

Assignments of clones by DOTUR were used to generate graphs rejgsiee
relative abundance of OTUs from the DNA and cDNA clone libraries (Figure 4.1 A-D
For R1, the DNA libraryncrAOTUs that were in the greatest abundance matched most
closely toMethanospirillumandMethanoculleusequences in Genbank®. Both OTUs
represented 16.7% of the total DNA sequences (Figure 4.4A). The most abundant (91%)
cDNA OTU was most closely related Methanospirillum(Figure 4.4A). In culture R2,
the most abundant DNA OTUs were also most closely relatetétioanospirillumand
Methanoculleushowever, the most abundant cDNA OTU was related to
MethanobacteriunfFigure 4.4B)For culture R3, the most abundant OTU in both
libraries was related tdlethanobacteriunfFigure 4.4C). Finally, in culture R4 the most
abundant DNA OTU was related Methanosaetavhile the most abundant cDNA OTU

was related tdethanospirillum(Figure 4.4D)
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78

A.

o 100% -
|5 90% -
S 80% -
§ 70% -
S 60% -
g 50% -
E 0% - EmDNA

0, -
% gg; | @ cDNA
T 10% -
3 0% -
° 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

OoTU
B.

_ 100% -
5 90% -
E 80% -
S 70% -
S 60% -
S 50% -
%S 40% - H DNA
S 30% - @ cDNA
§ 20% -
3 10% -
® 0% -

1234567 8 9101112131415161718192021222324252627
oTu

Figure 4.4 A-D. Comparison of OTUs from DNA and cDNAmcrA clones.OTUs
were determined using DOTUR with distance=0.03 (97% similaAtyiR1. B. R2 C.
R3.D. R4



abuncdance of mcrA clones/OTU

abundance of mcrA clones?0OTU

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21
oTu

79

H DNA
EcDNA

EDNA
E cDNA



80

4.2.d Phylogenetic analysistVhen neighbor-joining trees constructed from the unique
DNA and cDNA sequences were compared, distinct differences in the methanogen
communities were observed (Figure 4.5 A-H). When comparing the trees gdnesizag
sequences from R1 biomass, differences between the two major cladehfoeeavere
observed (Figures 4.5A and 4.5B). In the tree constructed from DNA sequences, one
major clade was related Methanobacteriunand two smaller clades grouped with

reference sequences from the geméeshanospirillumandMethanoculleusHowever, in

the tree generatagsingmcrAcDNA sequences from the same culture with the same
reference sequences included, none of the clones groupelletlianobacterium.

Instead, most of the cDNA sequences grouped with an uncultured clone (mcrA_dig_D46)

related taMethanospirillum(Figure 4.5B) and the rest wiMethanoculleus.

The major difference observed when comparing the trees constructed using
sequences obtained from R2 biomass was the relative number of clones which were
associated with each major clade (Figures 4.5C and 4.5D). More sequencd®from t
cDNA library were associated witflethanobacteriumeference sequences than in the
tree constructed from DNA library. In the latter, more sequencesassoeiated with
MethanoculleussndMethanospirillunreferencencrAsequences. Both trees had small
clades associated wiMethanolineaand a singldVlethanosaetaelated sequence was

found in each library
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The major clades of the R3 DNA and cDNA sequence trees were singjarg$-4.5E
and 4.5F). Both had two large clades, one which clustered aktethdnobacteriunneference
sequences, and one which grouped M#thanospirilumHowever, the organization of the
smaller clades within thiglethanobacteriundiffered slightly. In the tree constructed from cDNA
sequences (Figure 4.5F), most of kethanobacteriurarelated sequences clustered with the
referencancrAfrom Methanobacterium subterraneuand the few sequences which clustered
with Methanobacterium formicicumere related tgtrain DSM 1535.The majority of
sequences in the DNA tree also clusterelléthanobacterium subterraneuwstile those that

clustered withviethanobacterium formicicumere related to strai81(Figure 4.5E)

Finally, the comparison of the R4 neighbor-joining trees revealed differanties
abundance of sequences which clustered Methanobacteriunneference sequences (Figures
4.5G and 4.5H). The tree which consisted of DNA sequences (Figure 4.5G) showedexéairl
division between those that clustered withthanobacteriung6 clones) andélethanospirillum
(8 clones) reference sequences. However, the tree made from the libiaNAosequences
(Figure 4.5H) primarily consisted of a very large clad®ethanospirillumrelated sequences
with only a small clade which grouped witethanobacteriumeferencemcrA Both trees

contained a very small clade relatedvtethanosaeta mcrA

When Treeclimber was used to compare phylogenetic trees generateéddroorA
sequences found in each enrichment cultures, all of the communities were rideiobhe

different from one another (p<0.01)(Schloss and Handelsman 2006).
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4 .3.Discussion

Understanding how methanogens function as part of microbial consortia is intporta
because of their role in global carbon cycling. In anaerobic wastewatenérmt, methanogens
are also very important, serving as both the end of the degradation chain and thefsmource
renewable fuel. Therefore, studies of methanogen structural and functiomatindyn

dynamics can provide valuable information for the development of this form of biotecihinolog

4.3.a GenomicmcrA compared to transcribed mcrA Previously, Delbes et al. (2000),
examining microbial communities in anaerobic digester biomasséehd after perturbation
with acetate using single strand polymorphism analysis, demaubsthett using 16S rRNA gene
alone was not sufficient to detect all the organisms. Additiorgnsms were detected when
16S rRNA was compared to 16S rDNA. The data from this study, @exeirom extractions of
the same biomass samples, also indicated that there wenertb#e between the DNA and
cDNA libraries. Clearly, thencrAfound in the DNA was not all transcribed into mRNA at levels
detectable by the methods used. Differences in the relative almendé methanogen genera
(Figure 4.1), and Treeclimber analysis of phylogenetic tresssslnowed that the methanogens
that were present and the methanogens that were actively tioamgancrAin large abundance

were not the same

Taken together, these results indicated that the active met#rammmgnmunity was a
subset of the methanogen diversity that was present in anaerotniadsi. The fraction of the
community which became metabolically active was influencedawsilable substrates and
conditions. The data also suggest that certain methanogens msayneai state of dormancy

when conditions or substrate availability are not favorable for treeiicular metabolic needs.
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These organisms should provide functional diversity so that the methadection of the
community can be maintained when conditions or substrates changdin@img is supported
by a previous study which showed that methanogens in drained adthy [oil can survive
unfavorable conditions and then recover from a dormant state to producenenethan
conditions become anaerobic once more (Watanabe et al. 2007). Overatruitteral and
functional diversity of the functional gemacrA in the present study indicated that conditions
and available substrates affected which members of the methanogenunity were most

active at a given time.

4.3.b Community structure and function. Using pyrosequencing of 16S rRNA variable
regions to examine the diversity of the bacterial community in anaerobicetgydd/erner et al.
(2011) detected a relationship between bacterial community structure drahogenic activity.
Specifically, they found that as evenness of the bacterial community irtreaiganogenic
activity increased as well. The current study was performed to disé¢®wailar determinations
could be made between the diversity of methanogen communities maintained under varyin
conditions and community function. However, neither the evenness nor the heteyogfetheit
methanogen community were related to methanogenic activity in the cudstred (Tablel and
Figure 2). The phylogenetic identity of the dominant transcript in the bionesaat related to
SMA values, either. However, a decrease in cDNA richness was relatethé¢o hig
methanogenic activity. This finding suggests that when conditions allow moratargiversity

of methanogens to be metabolically active, overall methanogenic activity i:deduc

4.3.c Implications for bioaugmentation.Bioaugmentation is the addition of microorganism to
biological systems to aid or improve performance. For anaerobisteige bioaugmentation

could be used to shorten start up times or reduce the lengtcafery of distressed digesters
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(Schauer-Gimenez et al. 2010, Tale and Zitomer 2010). Comparison ofriings\v@ercentages

of methanogen clones from each genus for each library revealed atitemrthat may be used in
the design of bioaugmentation mixes. FiMgthanoculleus +elatedmcrA sequences were not
observed in the clone libraries generated from biomass of cultureb wire sparged with air
(Figure 4.1). Furthermore, the absencéethanoculleusrom these cultures did not negatively
affect methane production rates (Figures 4.1 and 4.2). These resglissts a limited
contribution for Methanoculleuso methane production under these conditions and a greater
sensitivity to air than other methanogen genera which werewaosm this study. Therefore, the
use of cultures dominated bjethanoculleudor bioaugmentation may not be recommended if

there is exposure to air.

Methanolinea-related sequences were only found in the clone libraries of cultures which
received glucose. This was an interesting finding considering thénéa¢heMethanolineaare
hydrogenotrophs, and therefore it is difficult to predict how the addition of glucose might
influence their abundance. However, it has also been shown that acetate éslrieguhreir
growth (Imachi et al. 2008) even though they do not utilize it for methanogenesis, apsper
the addition of glucose makes acetate more available in these cultures than whibbse
received only hydrogen and carbon dioxide. Another possibility is that the additiuto$e
stimulated the growth of bacteria which exist in syntrophy W#thanolineacreating

conditions which were more favorable for methanogens in that genus.

MethanobacteriumandMethanospirillum-+elated sequences were found in all the clone
libraries generated from DNA extractions (Figure 4.1). Cultwegk a higher percentage of
MethanobacteriumrelatedmcrA sequences had higher SMA values (R1 and R3) (Figures 4.1

and 4.2). However, the cDNA libraries did not follow the same pattevan accounting for
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coverage estimates (Table 4.1), the transcriptioMethanobacteriumelated mcrA was not

related to higher specific methane production rates (Figures 4.1 and 4.2).

However, analysis of the phylogenetic trees created from tiNAcIDCcrA sequences
suggests thaWlethanobacteriunand Methanospirillumwere important, at least in these cultures
(Figures 4.5). While there was no apparent connection between one gemasher and SMA
values, both genera utilize hydrogen or formate and carbon dia{idesthanogenesis and have
similar temperature requirements (Liu and Whitman 2008). Therefioeg presence in the
community could add functional redundancy, and both genera could be furtheigeteestor

use in bioaugmentation cultures.

The observed differences between the transcnhba@ sequences and the genommicrA
sequences in this study indicate that certain methanogens were valoable players in
microbial communities than others, especially under specific condit\dagation among
methanogen transcription and translation ratesmiciA, as well as the half-life and stability of
the mRNA and the protein itself, may all affect the outcome; kiewevery little of this data is
available for methanogen genera. Furthermore, wiibeA has been demonstrated to be a
valuable gene for use in the investigation of methanogens in the envimprineedata obtained
from PCR-based methods using primersrfarA are subject to biases inherent in the process
from the extraction of DNA from environmental samples to PCR iéicgilon efficiencies (v.
Wintzingerode et al. 1997). However, the primer set designed by Luébnhets previously been
shown to consistently amplifjmcrA from a wide range of methanogen genera, making the set a
sound choice for the examination of methanogen OTUs in environmentaksaiphning et al.

2005, Juottonen et al. 2006, Luton et al. 2002). Further information about McCR@A for
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specific methanogen genera would be useful for interpretingl#tegs as the link between MCR

genetic and functional differences is not clear at this time.

These results may also have been affected by the conditions to which the cludteres w
subjected. The daily addition of hydrogen and carbon dioxide specifically enraahed f
hydrogenotrophic methanogens in these cultures, bypassing the earli€¢sstbpss
fermentation and acidogenesis) in the degradation of more complex organic compbighds w
normally precede methanogenesis in anaerobic environments. Important sgnetgitunships
are known to exist between methanogens and bacterial partners which degatildefathi/
acids such as propionate and butyrate (Stams 1994). The structure of the metbanogeni
community may have been affected by the bypass of this syntrophy. However, evénthimug
study utilized hydrogen and carbon dioxide enriched cultures, there is no reasoevie theli
similar results would not be found in mixed cultures or cultures enriched fockstito

methanogens.

In summary, the data from this study provide insight into ffeztechanging conditions
and available substrates can have on the structural diversity andorahcactivity of
methanogens by examining the differences in the presence andiptamsof a functional gene
unique to thesérchaea These findings, especially the relationship between the deciea
mcrA cDNA richness and specific methanogenic activity, may bel wgebetter understand
relationships between methanogen community structure and anaerobicrdigegten, and this
information may be also be used in the development of bioaugmentation seipisiefor

digesters.
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Chapter Five
Linking mcrA Gene Copy and Transcript Numbers
and Methane Production in Anaerobic Biomass

5.1.Introduction

Anaerobic digestion is an under-utilized technology. One reason for the decisiwst agai
installing anaerobic treatment plants is that digesters which fail kamtanths to recover
(Speece 1996). This failure occurs when the complex microbial community upon wgeskedi
function depends is sufficiently stressed by organic overload or toxicants or lmiingrr a
environmental changes (Castellano et al. 2007). Prudent use of bioaugmentatgtanr sy
control may be used to prevent digester failure or encourage faster reabseegsed digesters
(Castellano et al. 2007, Schauer-Gimenez et al. 2010). Therefore, the reas#aysf which
rapidly and directly monitor the microorganisms in anaerobic biomass could provide use
information to operators seeking to manage digester function.

In practice, however, the organisms in the anaerobic microbial communitgtare
monitored directly. SMA assays, methane production rates, biogas compositiorgathemi
oxygen demand (COD) removal, pH, granule morphology, acetate utilizationmatisnethiol
concentration, and quantification of volatile fatty acids have all been suggested ¢o us
evaluate digester function (Castellano et al. 2007, Coates JD et al. 1996n@bakli2008, DH
Zitomer et al. 2000, Molina et al. 2009). Although these parameters are cklatdy tto the
metabolic functions of the microbial community, they do not directly assay mienosisms.
Digester communities are complex, with multiple trophic levels in whiclereifit groups of
organisms carry out waste degradation in a series of steps (Fernaridé2%9,d eclerc et al.

2004, Liu and Whitman 2008, Riviére et al. 2009, Schink 1997, White 2000). Therefore, direct
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monitoring of the microorganisms that are involved in each level may provide betjét fos
improving digester function, especially if direct manipulation of communitie$, @sic
bioaugmentation, is to be employed to aid recovery of stressed digesteuciiesn

Although digester microbial communities are very diverse and different groups of
organisms perform the various steps of anaerobic digestion, the methanogepsa@adi\yes
important as the last link in the food chain, performing the final step in the degradation of
organic waste to methane (McCarty and Smith 1986). Additionally, their functioosickied
to that of the propionate- and butyrate- reducing bacteria whose metabollsse@tompounds
is dependent upon removal of hydrogen (Conrad and Klose 1999, Schink 1997).
Methanogenesis is often considered to be the rate-limiting step in the acaezatonent of
wastes (Liu and Whitman 2008). Therefore, methanogens are important members afdies dig
community, and they are critical to digester functional stability. Monigattins specific group of
organisms could provide an important link between digester function and microbial cognmunit

structure.

Methanogens possess a unique operon which encodes the methyl coenzyme M reductase
(MCR). MCR is a multi-subunit enzyme which catalyzes the final step tifanegenesis and is
unique to methanogens and the anaerobic methane-oxidimhgea(Hallam et al. 2003,

Springer et al. 1995). Previous studies have established that the presence aiptitarddhe
gene which encodes the alpha subunit of M@Rrf) can be used to detect methanogen
presence and activity in the environment (Juottonen et al. 2008, Luton et al. 2002, Sprathger
1995). Furthermore, quantitative polymerase chain reaction (QPCR) amplificatramAfenes

has been used to estimate methanogen abundance in the environment, and the transeript to gen
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copy ratio has been shown to correlate positively with methane production in negtaig(Bnd

Prosser 2009, Freitag et al. 2010, Goffredi et al. 2008).

This study was performed to test the hypothesis that the nwhimerA gene copies
and/or transcripts would correlate with methane production rates for anaerob&sbigiven
specific substrates. This hypothesis was tested by performing qP CRnasifsgspecific primers
on DNA and cDNA from anaerobic biomass collected from hydrogen enrichment cukibres, |
scale anaerobic digesters, and full-scale anaerobic treatment pMAtssSays, standard
methods for determining methane production activity of anaerobic biomass givédit spec
substrates (Coates et al. 2005, Coates et al. 1996), were performed on tlss sermales in
tandem with gPCR analyses. The gPCR results were then compared with SMA tssay da
determine if a relationship existed betweetrA gene or transcript number and the standard

indicators of anaerobic digester biomass activity.

5.2.Results

5.2.a Quantitative PCR:qPCR was performed in five separate runs: enrichment cultures
(Figures 5.1A and 5.1B), two M time courses (Figure 5.2A and 5.2B), lab-scale didEsgeare
5.3A and 5.3B), and full-scale digesters (Figures 5.4A and5. 4B). Descriptionsstdrnidard
curves for each run can be found in Table 5.3. Transcriptadok from biomass from three lab-
scale digesters (VP-0, VP-10, and VP-50) and three industrial digesters (MMB&SMand

CF) were not detectable within the limits of the assay. Therefore, garsetipt ratios could not
be calculated for these samples as a measure of activity as has betewl t®pothers (Freitag

and Prosser 2009, Freitag et al. 2010).
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When the data from each date were compared, biomass from cultures R1 and R3 had
greatemcrAgene copy and transcript numbers than did biomass from cultures R2 and R4 which
received glucose (Figures 5.1A -5.1F and Table 2.1). VariatiamsniA copy number and
transcript number were observed among the three samples of biomass takerlroirlea
enrichment cultures on different dates (Figures 5.1A - 5.1F). However, eéno$pite variation
between sampling dates, the trend of greater copy and transcript numbersithiR& ramained

the same.

Table 5.1. Critical Parameters for gqPCR Standard CurvesNTC is the no template control,
and NO-RTs are no reverse transcriptase controls.

gPCR run PCR Slope of y-intercept of Correlation C; of negative
efficiency | standard curve standard curve coefficient control
Enrichment 110.5% -3.093 5.134 0.949 NTC: 24.03
cultures NO-RTs:
>26.6
Lab-scale digesters| 97% -3.396 5.273 0.989 NTC: 30.42
NO-RTs:
>22.77
Full-scale digesters| 87.5% -3.662 5.465 0.993 NTC: 26.45
Monster Time 90% -3.588 6.263 0.993 NTC: 33.34
Course- 6h NO-RTs:
>28.22
Monster Time 89.1% -3.615 4.323 0.995 NTC: 33.49
Course- 24h NO-RTs:
>30.47

The enrichment culture biomass samples were not collected at anycspeafof day,

especially in reference to the daily pulse feeding of the digesters.tVahtether the variations
among the data from the three sampling dates might be linked to the feedingrrediab-scale
digesters, thencrAgene and transcript levels were measured in the biomass of M, a large lab-

scale digester (Table 2.1), over a six hour period and a twenty-four hour period{Bi@4&e
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and 5.2B). Digester M was chosen for this experiment because up to a liter ofdb{amas

opposed to 133 ml for the enrichment cultures) could be used over a twenty-four hour period
without changing its maintenance regimen, providing the necessary amount ad &&npl
ml/extraction) for multiple time points. The results of these experimentseshihat a variation

in copy number of the observed magnitude could have occurred when sampling the enrichment
cultures at differing times post-feeding (Figures 5.2A and 5.2B). Therezdterwas taken to
sample the pulse-fed digesters exactly 24 h after a feeding. This method wasini¢ poth

the industrial digesters due to their being constantly fed a waste stream.

When comparing the lab-scale digesters NN-R2, NN-R3, and NMaB%\gene copy
and transcript number were highest in biomass from digester NN-R3 whidledvwh®e most
varied substrates (Figure 5.3A, 5.3B, and Table 2.1). Although transcriptsAfvere not
detectable in VP-0, VP-10, VP-50, highest gene copy numbers were observed in VR0 whi
received 0.025 mg/L of £per day and lowest in VP-50 which received a higher daily oxygen
dose (0.125 mg/L) (Figure 5.3A and Table 2.1). However, when the standard deviation within
each sample’s replicates was taken into consideration, there was \edjffétrence among the

digesters in either set.
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Figure 5.1. Results of qPCR Experiments for Enrichment CulturesEach bar represents
results from three technical replicates. Error bars show standard deviatiothe mean. A.
mcrAgene copy number/ng of DNA from sample taken December lxd@Agene copy
number/ng of DNA from sample taken December 1&€rAgene copy number/ng of DNA
from sample taken January 11. BicrAtranscripts/ng of RNA from sample taken December 5.
E. mcrAtranscripts/ng of RNA from sample taken December 16. anmitFAtranscripts/ng of

RNA from sample taken January 11.

A. mcrA gene copy/ng DNA
1.00E+05 - 5-Dec

5.00E+04 -

000E+00 'j T ﬁ T - T -_\
R1 R2 R3 R4

B. mcrA gene copy/ng DNA

16-Dec
1.00E+05 -

5.00E+04 ] i
0.00E+00 - T ﬁ T T -_\
R1 R2 R3 R4

C. mcrA gene copy/ng DNA
11-Jan

1.00E+05

5.00E+04

0.00E+00
R1 R2 R3 R4

D. mcrA transcripts/ng RNA

2.00E+05 5>-Dec
1.00E+05
0.00E+00
R1 R2 R3 R4
E. mcrA transcripts/ng RNA
16-Dec

2.00E+05

1.00E+05

0.00E+00

R1 R2 R3 R4

F. mcrA transcripts/ng RNA

11-Jan
2.00E+05
1.00E+05
0.00E+00
R1 R2 R3 R4
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Figure 5.2. Time-course qPCR Experiments for MA. Six hour time course. B. Twenty-four

hour time course.

A. Six hour time course.

1.00E+05

1.00E+04

1.00E+03

1.00E+02

1.00E+01

1.00E+00

—&— mcrA transcripts/ng RNA

—&— mcrA copies/ng DNA

Hours after feeding
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A. B.
mcrA copy number/ng DNA mcrA transcripts/ng RNA
4.00E+04 -
1.20E+05 -
3.50E+04 -~
1.00E+05 -+ 3.00E+04 -
8.00E+04 - 2.50E+04 -
2.00E+04 -~
6.00E+04 -
1.50E+04 -
4.00E+04 - 1.00E+04 -
2.00E+04 - 5.00E+03 -
0.00E+00 - 0.00E+00 -

" o, & S S S NN_R2 NN_R3 NN_R5
Y & N R\ » bl
’ ’ ’ R L

Figure 5.3. Results of qPCR for Lab-Scale Digesterkach bar represents results from three
technical replicates. Error bars show standard deviation from the mean.efcagnnumber. B.
transcripts.

Total mcrAcopy number per ng DNA and per g pellet were calculated from gPCRsresult
for the industrial samples (Figure 5.4A and 5.4B). The “per g of pellet’” naatiain was
calculated using the g of the biomass pellet after centrifugation anchatgre removal. Results
were normalized to this parameter to account for differences in totds sofiong the digesters.
When the gPCR results were normalized in this way, the digester with trestmgrA gene
copy number switched from JBS to CB (Figures 5.4A and 5.4B). TranscripisAfvere

detected in biomass from CB, KIl, and JBS (data not shown).
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A. B.
mcrA gene copy/ng DNA mcrA copy #/g biomass

3.00E+09 -

1.50E+05 -
2.50E+09 -
2.00E+09 -

1.00E+05 -
1.50E+09 -

5.00E+04 - 1.00E+03 +
5.00E+08 -

0.00E+00 - 0.00E+00 -

MSS MBR CB CF Kl JBS MSSMBR CB CF KI JBS

Figure 5.4. Results of qPCR for Industrial DigestersEach bar represents results from three
technical replicates. Error bars show standard deviation from the mearAgen copies/ng
DNA . B. mcrAgene copies/g pellet of centrifuged biomass with the supernatant removed.

5.2.b Specific Methanogenic Activity AssaysSMA assays were used to compare the biomass
samples’ ability to produce methane given a particular substrate (Tap(€6a2es et al. 2005,
Coates et al. 1996). The SMA assays for the enrichment cultures (R1-R4) shatree t

cultures had higher (one to two orders of magnitude) methane production rates agait H
than either the lab-scale or industrial digesters assayed, and that R1 and RB&achéihane

production rates against HCO, than R2 and R4 (p<0.05, ANOVA, Tukey test).

SMA values for the lab-scale digesters NN-R2, NNR3, and NNR5 were sbutlar
against calcium acetate and:HCO, (Table 5.2). The SMAs for the VP set of digesters were
only measured against propionate. Among the three digesters in this set, VP-10 hgiokettte hi

SMA at 13.8 ml CH/ g VSS-h, and VP-50 had the lowest at 6.7 ml/GHVSS-h (Table 5.2).
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Table 5.2. Specific Methanogenic Activity Assay ResultSMA values for enrichment culture,
lab-scale, and full-scale anaerobic digester biomass. Cv (%) is ca#ffE variation for the
triplicates from each sample.

SMA against SMA against SMA against
Calcium Propionate, Calcium Acetate, H,:CO,,
sample Name mICH,/gVSS-hr mICH,/gVSS-hr mICH,/gVSS-hr
Average Cv (%) Average Cv (%) Average Cv (%)

CcB 14.9 6.7 21.7 2.5 314 0.0
Kl 3.6 6.3 11.0 6.3 8.8 3.7
CF 1.1 97.0 10.1 9.4 8.6 16.0
JBS-SH 0.8 29.6 4.7 48.5 121 0.0
MMBR 0.0 0.0 5.6 66.3 10.2 26.0
MMSS 0.0 0.0 6.6 97.4 15.0 17.0
VP-0 10.7 31.0

VP-10 13.8 13.0

VO0-50 6.7 45.0

NN_R2 5.3 4.2 5.8 7.1
NN_R3 6.6 5.3 7.6 7.2
NN_R5 6.2 3.1 7.2 18.6
R1 402.0 3.8
R2 120.0 12,5
R3 465.1 3.4
R4 100.7 4.6

When comparing the industrial digesters SMA results, the brewery biomasie $&B)
had the highest SMA values for all three substrates tested (Table 5.2). Compa&MA
values for the other five samples showed that KI (milk-derived additive wastéhdraext
highest activity against propionate and acetate, followed by CF (manure gigdsteever, the
municipal and slaughterhouse samples (MMBR, MMSS, and JBS) had higherexctgiinst

H,: CO;than Kl and CF

5.2.c Comparison of gPCR and SMA:For the hydrogen enrichment cultures (R1-R4), g°PCR
results (ncrAgene copy number/ ng DNA) positively correlated with SMA resultanagbb :

CO, (Table 5.3). The propionate-enriched lab-scale digesters VP-0, VP-10, and VP-58shioma
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had no significant (p>0.05) correlation betweenrtieeA gene copy number/ ng DNA extracted
and the SMA values against propionate (Table 5.3). Furthermore, there was ncasignific
correlation between gene copy or transcript number and SMA for eith&®} or acetate as a
substrate for the NN digester set (Table 5.3). The values for the latdsypester data sets from
gPCR and SMA had very little variation, and the lack of significant correlation ofatiaesets is
likely due to their similarity. Industrial digester biomass gPCR resulteal@ed to g of
biomass extracted correlated well with SMAs against®D, (R*= 0.67, Table 5.3) and

propionate (R= 0.70, Table 5.3), but not acetaté<£m.49, Table 5.3).

Table 5.3. Specific Methanogenic Activity Assay and qPCR Correlations¥ values are the
result of linear regression analysis. P values are for slopes (F-sttad BNOVA against a
slope of 0).

Culture or Digester Set mcrA/SMA substrate R’ p
Enrichment cultures Gene copy / H,:CO, 0.99 0.007
Transcript/ H,:CO, 0.83 0.09
NN lab-scale digester set Gene copy /H,:CO, 0.35 0.60
Transcript/ H,:CO, 0.31 0.62
Gene copy /acetate 0.43 0.54
Transcript/ acetate 0.38 0.57
VP lab-scale digester set  Gene copy/propionate 0.89 0.21
Industrial Gene copy / H,:CO, 0.67 0.046
Gene copy/propionate 0.70 0.038
Gene copy /acetate 0.49 0.12

5.2.d Denaturing Gradient Gel Electrophoresis:Previous studies of clone libraries generated
from biomass sampled from the hydrogen enrichment cultures demonstrated thethideogen
communities for each culture were different (see Chapter Four, (Schemen&z et al. 2010)).
The use of DGGE to obtain a methanogen community fingerprint in the industrialssioma
samples also revealed a unique methanogen community within each full-seaterd{gigure
5.5A). A dendrogram constructed from the densitometric data from the gel cahfmatehe

communities were different even when substrates were similar (FidgiBg $or example,
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MMBR and MMSS, which were both biomass samples from municipal plants, appeared in

different clades.

Figure 5.5

A. DGGE of mcrA from Industrial Digesters. DGGE fingerprint oimcrAgenes present in
the industrial biomass samples. Lanes are labeled with sample nam&ablee21 and Table
5.2 for more information regarding each sample.
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B. Dendrogram showing relationships between the methanogen communities in th@aindust
digesters based on optical density data from the DGGE gel.

5.2.e Nucleic Acids and Volatile Suspended Solid¥ields of DNA and RNA extracted from
biomass obtained from all enrichment cultures and anaerobic digesters (Tallid Hat)
positively correlate with volatile suspended solids yields per liter of lisri&=0.1 and 0.08

respectively).
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Table 5.4. Total DNA, RNA, and VSS Yields.Total DNA, RNA and VSS vyields per L of

anaerobic biomass.

Nucleic Acids

Volatile Suspended

DN(:g/ L b'°ma;;)A Solids
Sample Name (g/L of biomass)

CB 2.28 X 10° 3.96 X 10° 47.2
KI 8.99 X 10° 33.58 X 10° 40.4
CF 0.66 X 10° 0.77 X 10° 61.5
JBS-SH 2.89X 10’ 4.15X 10° 6.5
MMBR 10.5 X 10° 34.03 X 10° 16.9
MMSS 10.1 X 10° 5.67 X 10° 27.4
VP-0 1.35 X 10° 0.8X10° 0.38
VP-10 1.25 X 10° 0.36 X 10° 0.22
VO0-50 1.34X 10° 0.45 X 10° 0.40
NN_R2 1.31X 10° 0.79 X 10° 8.4
NN_R3 1.31X 10° 0.82 X 10° 11.0
NN_R5 1.31X 10° 0.68 X 10° 8.4
R1 1.21 X 10°* 2.03 X 10°* 0.15
R2 1.46 X 10°* 3.20 X 10°* 0.47
R3 1.09 X 10°* 3.15 X 10°* 0.16
R4 1.97 X 10°* 6.62 X 10°* 0.52

*mean of three extractions.

5.3.Discussion

Although variations occurred between the values obtained from three differgaié sam

collection dates, the meamcrA gene copy numbers from the hydrogen enrichment cultures

showed excellent correlation with specific methanogenic activity tgatast H:CO, (Table

5.3). Data obtained from SMA assays and qPCR performed on industrial biomass sdsaple

confirmed that a relationship existed between SMArandA gene copy number, although the

association between specific methanogenic activity against acetateceAwas weak (Table

5.3). This weak correlation is possibly related to the fact that several groupsebmanisms
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in digesters are able to utilize acetate, and the relative abundance afrfa@ssms could vary

among the biomass samples tested. Furthermore, acetate oxidatiantb®0 may also occur

under certain conditions, which could further reduce the acetate available to hla@ogens for

methane production (Karakashev et al. 2006, Schnirer et al. 1997, Schnurer et al. 1999).

Transcript numbers fancrAin the enrichment culture biomass also correlated
with specific methanogenic activity against &0, (R*= 0.83) although the p value was not
significant (Table 5.3). Transcripts were also below the limits of detettidigesters which
treated municipal and cattle waste (MMBR, MMSS, and CF). The exact rdasdtinis
observation are unknown at this time; however, the presence of inhibitory compounds and low
transcriptional activity within these biomass samples are possible expreng@mith and
Osborn 2009, Stults et al. 2001). Transcription ofnlceA gene may be more closely linked to
metabolic activity of methanogens within the biomass than the presemozAih genomic
DNA. Furthermore, transcript-to-gene copy ratios showed the best tiomelath methane flux
in samples from peat (Freitag and Prosser 2009, Freitag et al. 2010). MM$ER Mid CF
did not have consistently lower SMAs compared to the other digesters (Table 5.2),Hartenet
flux measures methane produced while SMA is a measure of methane produetaiyamst a
specific substrate. Attempts to establish a relationship between iptitsayene copy ratios and
SMA using the data from this study were unsuccessful (data not shown). Howevetatfrera
this study supports usimgcrAgene copy number as a more consistently obtainable measure

when sampling from anaerobic biomass.

Clone libraries generated from the hydrogen enrichment culture biontzegst¢€4) and

DGGE of themcrAsequences from DNA extracted from the industrial samples (Figure 5.5A and
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5.5B) showed that the methanogen communities for each digester were different,tgimgns
that the relationship between SMA amdrAgene copy number was not dependent on the

structure of a particular methanogen community or the composition of the waata.str

The time course experiments revealed variations imitrd gene copy and transcript
numbers similar to those observed in the enrichment cultures among samplinfridates (
5.1A-F and 5.2A-B). Variations in transcript levels were expected as aoéshhnging need
for MCR over time, but the changesmtrAgene copy number were not what would be
expected during normal growth. This was especially clear at hour 10 afi@rdgevhemmcrA
gene copy levels fell far below the initial reading from before fep(fgure 5.2B) suggesting
that there were less methanogens present at hour 10 than hour 0. The reason for ithisivariat
unknown, but it is likely due to the heterogeneity of the biomass itself. Althouglvaaraken
to collect the same volume of biomass each time and the extractions wermpdrfogether,
physical differences during the extraction process could also have contributecbtiseérved
variation in transcript and gene copy numbers. However, Frietag et al.(2pd8ed similar
variations inmcrA gene copy (0.13-0.59 standard error in log abundancetemplate
abundance, n=4-5) and transcript numbers (0.08-0.48 standard error) of in multiplesSeanple
peat. Furthermore, variations observed in the results of oligonucleotide hyiwitdstadies of
microbial communities in anaerobic digester biomass by Raskin et al. (1994bal@98)iggest

that biomass may be heterogeneous.

Accurate determination of the metabolically active portion of anaerobic biprefessed
to as active biomass and representing the fraction which is made up of livingsagsisful
when monitoring digester function. Typically, VS or VSS per L of biomass are used as

estimation of the fraction of biomass which is metabolically active (ARBI#8). However, VS
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and VSS are simple measures of organic materials in the waste, and they cannahdie
between members of the microbial community and other organic matter. $tuitiys
measurements of VSS did not positively correlate with DNA or RNA condemisgTable 5.4).
Thus, further research should be undertaken to establish a better means of def¢neiactive
portion of anaerobic biomass.

Taken together, the results of this study support the hypothesmdhagene copy
number can be used to monitor and compare methanogen communities in anaerobic digesters.
Useful methods of monitoring digesters must be sensitive and fast (CasétlEdn2007,
Molina et al. 2009). The ability of this methodology to rapidly produce results thataterwell
with SMA assays (which take weeks to complete) satisfies both thesesparsnsuggesting that

gPCR ofmcrAmay be a very useful technique for comparing biomass from different sources.

Assays of other genes representing other members of the anaerobic food chasn such a
acidogens and syntrophic propionate-reducing bacteria should also be developed to monitor
other important metabolic activities within digesters. Although methanogesadien proposed
to be the rate-limiting step in anaerobic digestion, the actual metabolic pwdtuekdimits the
rate of methane production may depend upon substrate composition (Liu and Whitman 2008).
Therefore, monitoring microorgansisms at all trophic levels in digesteitd provide valuable
diagnostic information. However, this study represents the establishmeditettdink

between the microbial community in anaerobic biomass and digester function.
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Concluding Remarks
Anaerobic wastewater treatment is an environmentally and economicalfictzne
biotechnology. It is an established, cost-effective method of removing ongasies, and it has
the added benefit of producing methane, an alternative energy source. Howaessbi
treatment is an underutilized technology because of historical doubts about tlity sfahe
process (Dupla et al. 2004), as well as slow startup and recovery of stregesterdi Therefore,

research which supports the optimization of this technology can be extremeficiad

The degradation of organic waste in anaerobic digesters is carried oubimplex,
interdependent microbial community; and the methanogens are an espe@altyaimgroup as
they complete one of the final steps in waste degradation and produce the mdibeaferd,
understanding the relationship between methanogen community structure in anaercdss biom
and digester function could provide important insight which may be used to improve this form of
biotechnology. However, the contribution of methanogens to digester function and the
community ecology of anaerobic digesters have not previously been cleargdde
Specifically, clear links between methanogen diversity and abundance aattlssful

removal of wastes have not previously been determined.

This study was performed in order to examine the relationship between anaerobic
digester function and methanogen community structure. Analysis of DNA and cDN& c
libraries generated from biomass samples obtained from anaerobic hydaolgen/dioxide
enrichment cultures and two industrial-scale digesters using the methespmgafic genencrA
showed differences in the diversity of the methanogen communities from wliféer@erobic
biomass samples, even from the enrichment cultures that where stantéidevgame seed

sludge. Furthermore, comparisonnaérAgenes and transcripts from the enrichment cultures
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revealed that some methanogens were more active than others under certdonsok¢hile no
direct links were found between methanogen diversity and digester functioatéhteom the
clone libraries may be used to engineer microbial mixes used for bioaugoreofatigesters

with unstable function.

Tandem gPCR and specific methanogenic activity (SMA) assays performed @sdiom
samples showed significant positive correlation betweerd gene copy number and methane
production rates against specific substrates in the enrichment cultures ananpastantly, in
the real world digesters. This result indicates a previously undiscovergdnst@ between the
number of methanogens in anaerobic biomass and digester function, and represents the
establishment of a direct link between the microbial community in anaerobic lsiamés
digester function. It also suggests the possibility of a new assay fotonagpidigester function,

gPCR ofmcrA,which is both fast and cost-effective.

Overall, the data obtained from these studies provide new insight into methanogen
communities in digesters which may be applied to develop better monitoring mithods
anaerobic biomass, to engineer better microbial mixes for bioaugmentatiomgofisg or
failing digesters, and to improve microbial communities in digesters whithidin the

production of more methane for use as renewable fuel.
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Appendix I.

A brief description of the five orders of methanogavith specific information about genera and spethat were
detected in this study by blastn (Altschul et &90Q, Altschul et al. 1997) searches usimgrAsequences. Adapted
from Lui and Whitman (Liu and Whitman 2008) and Becet al. (Boone et al. 1993) and references auedai
therein, as well as Imachi et al.(Imachi et al. @001a et al.(Ma et al. 2005), Schauer and Ferchéser and Ferry
1980), Ferry and Wolfe (J.G. and R.S. 1977), Diagoal. (Dianou et al. 2001), Maestrojuan (Maes#ijet al.
1990), Patel (Patel 1984), and Zellner(Zellnen.e1@98). (*=Not detected in this study).
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Taxonomy Methanogenesis Morphology Gram pH Temper Growth GC
Substrate(s) Stain -ature rate content
[°C] [h] (%]
Methanopyrales* H2+CO2 Rods + 5.5-7.0 84-110 NA 59
Methanococcales* H2+CO2 Cocci _ NA
Formate+CO2
Mesophilic genera 5882 18-47 30-33
. 5-7.6 30-94 31-34
Thermophilic genera
Methanobacteriales H2+CO2 Rods
Formate+CO2
Methanobacterium
formici Var. 7.0-75 25-50 0.006 41-42
t‘)’rf‘ﬂ”c'cum _ 6.5-86 2550 0.049 38.9
elingense + 6.5-9.2 36-45 0.2-0.3 54.4 +0.5
subterraneum
. + 6-8.5 20-45 28-31
Methanobrevibacter
Methanomicrobiales H2+CO2 _
Formate+CO2
Cocci
Methanoculleus 49-61
Imolei 4.9-75 22-50 0.074
paimoel Secondary alcohols 6.2-7.9 15-37+ 0.128
h.’Ea”S”'gr.' 6.7-7.2 35-30 0.015
chikugoensis Secondary alcohols
Methanospirillum Curved rods 6.6-74  30-37 0.059 45
hungatei
Methanolinea rods 6.7-80  30-60 0.007 56.3
tarda
Methanosarcinales Acetate
Methanosaeta Rods ~ 6.080 1045  0.042 49
concillii
H2+CO2 cocci Var. 7.0-7.0 20-50 NA 36-44

Methanosarcina* Methylamines

Methanol
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Appendix 1.

Rarefaction curves (Figures A. B. and C.) from the restriction enzyme dismssed in

Chapter 3 but not included in the text. Legend for graphs:Fa¢fl; — - — Rsal; Mspl;
— - - — Sau96l; — — — RsaldSau96l; ¢ Tdt} RsalandSau961l
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Phylogenetic Trees (Figures 1, 2, and 3) from the restriction enzyme studiscussed in
Chapter 3 but not included in the text.Neighbor-joining phylogenetic trees made fram
silico restriction digests of sequences and from the sequences themselves.rigaels fmssible
combination of enzymes were created for each biomass sample included imttbighEastudy:
C, B, R1, and R3. Trees shown above are from C (Figure 1), R1 (Figure 2), and R3 (Figure 3).
Each figure is divided into five partd{E) as follows: A. Phylogenetic tree using the output
fromTadl, singlein silico digestsB. Tree made from combining the output frdrad'l and

Mspl digests.C. Tree made from combining the output frdiadl, Rsal,and Sau961digests

D. Tree made from combining output from all fasilico digests,Tadl, Rsal, Mspland
Sau961E. Neighbor-joining phylogenetic tree ofcrA sequenceasbtained from industrial
digester C biomass. Node labels are bootstrap values from 100 analyses, andshedtee i

with Methanopyrus kandlerii mcrA
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Figure 1A.
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FigurelB.
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Figure 1C.
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Figure 1D.
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Figure 1E.




Figure 2A.




Figure 2B.
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Figure 2D.
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Figure 2E.




Figure 3A.




Figure 3B.
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Figure 3C.




Figure 3D.
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Figure 3E.
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Appendix V.

Industrial Digester Metadata

This appendix contains information obtained from digester operators regarding the
physical and chemical characteristics of the industrial digestenslead, except MMSS and CF
for which metadata was not provided. The following is a summation of results providesl by t
operators in response to a questionnaire.

Digester CB

Wastewater Characteristics:

COD or TS of the waste:avg. 6000 mg/L (1500-10000)
TSS/VSS of the incoming wastel'SS avg 650 mg/L (100-2200)
BOD or VS of the wasteNot given (NG)

Digester Characteristics:

Type: UASB

Operating Temperature: 80-85 °F (26.7-29.4°C)

SRT: NG

HRT: 4.4 hrs

Biogas production:5.62 cubic feet/ pound COD removed
Methane/H,S concentration in the biogasH,S =2,000-10,000 ppn€H,= 60-
65%

Organic Loading Rate: NG

VSS/VS content of the digester6%: 30000-50000 2.0-10.0

How long has the digester been runningsince 1980

Reseed? If so, how often and from what source do you reseeu?

Biomass characteristics:

pH: 6.5-8.0

ammonia-N and TKN:0.1-2.0 and 5.6%

Sulfide: dissolved 3.0-9.0 ppm

Metals: Ni-5.9 ppm; Fe-1926 ppm; Mo-1.817 ppm

Addition of nutrients: Ferric chloride 5-10 gal/week;Urea 50-150 pounds
Iweek;15-20 mEg/L alkalinity

Note: Operator reports failure of the system due to overload of ethanol (17%) at the
beginning of September. System flatlined for 4 days with no gas and only 6-40%
COD removal. However, by the time we arrived (10/10/10) the digester was
functioning normally and fully recovered in COD removal and gas production.
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Digester JBS

Wastewater Characteristics:
e COD or TS of the waste4,614-6,000 mgeiL
e TSS/VSS of the incoming waste2,000-3,000 mg/L
e BOD or VS of the waste: BOD= 1/3 of the COD

Digester Characteristics:

e Type: Contact process (however, stirring is reported as weak)

e Operating Temperature: 36.1°C

e SRT: 10 days (design)

e HRT: 3-4 days

e Biogas production:avg. 3.2 CFM (high 5.2) weekly

e Methane concentration in the biogasmethane 70%

e Organic Loading Rate: 1.6 kg COD/ni- day

e TS/VS content of the digester80% (4600 mg TSS/L)

e How long has the digester been runnind@:he digester is 27 years old. However,
it failed last year and was cleaned out and reseeded with potato plant sludge.

Biomass characteristics:

e pH and alkalinity? 7.0 (VFAs <200) / add MgOH when needed
e ammonia-N and TKN? Effluent TKN = 260 mg/L sludge TKN=55543mg /kg
ammonia nitrogen of sludge=6467 mg/kg
e Sulfide?~5 ppm
e Metals (mg/kg):
o Cd<l4
e Cl2135
e Cub65
e Pb98
e Nil3
e Nitrite/nitrate <13
e Organic nitrogen 49076
e Total phosphorus 15978
e K2195
e 7Zn413

e Additional nutrients: ferric chloride as coagulant



Digester Ki
Wastewater Characteristics:

e COD or TS of the waste:10,000-30,000 mg/I (high of 60000)
e TSS/VSS of the incoming wastef'SS 3,000-6,000 mg/I
e VS of the waste:171 mg/L

Digester Characteristics:

e Type: CSTR

e Operating Temperature: 96-98 °F (35.6-36.7°C)

e SRT: 3000-6000 mg/l @ 25000- 35000 gpd

e HRT:25000-35000 gpd capacity 250000 gal (7-10 days)
e Biogas production: 33100 scfm/day

e Methane/H,S concentration in the biogas:NG

e Organic Loading Rate: NG

e VSS/VS content of the digesteNG

e How long has the digester been runningl991

e Reseedonce from a pig farm

Biomass characteristics:

e pH and alkalinity: 7.0 (equalization tank)

e ammonia-N and TKN: ammonia-N 1.375 mg/l (avg.)
e Sulfide: NG

e Metals (Ni, Co, Fe, Mo, ect):NG

e Additional nutrients 36,000 Ibs per year

Digester MMBR

Wastewater Characteristics:

e TS of the waste: 169-364 mg/L
e TSS/VSS of the incoming wastel45-228 mg/L VSS
e BOD of the waste:123-212 mg/L
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Digester Characteristics:

e Type: CSTR

e Operating Temperature: NG

e SRT: NG

e HRT: NG

e Gas production: NG

e Methane/H,S concentration in the biogas:CH,=62.5%
e Organic Loading Rate: NG

e VSS/VS content of the digester:68 mg/L

e How long has the digester been runningNG

e Reseed:no

Biomass characteristics:

e pH:7.29
e ammonia-N and TKN: ammonia-N=2.73 %; TKN=6.55%
e Sulfide: NG
e Metals (mg/kg):s 7.82Cd 2.29
e Cull64
e Pb316
e Hg1l.53
e Mo011.8
e Ni<29.6
e Seb.97
e Zn 985
e Additional nutrients: none



