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Abstract

Anaerobic digestiofAD) is a multistage process whereby biodegradable material
is broken dowrby complex microbial consortiato renewable Cklin the absence

of oxygen duringvaste andvastewater treatmerinaerobic granules are spherical
microbial biofilms which formn digestersuch as upflow anaerobic sludge blanket
(UASB) and expanded granular sludédanket (EGSB) systems There is a
fundamental knowledge gap in thecrobial dynamics and metabolic interactions

among microorganisms within AD bioreactors.

This thesis addressed some growth and cheragdctsesulting from microbial
interplay between three model pure cultures found indéid@stersunder various
tempeature and substrate conditiof$ie methanogemMethanosarcina barkelis
a metabolically diverse organismndependent of temperatureyhich was
demonstrated tgyrow synergistically withthe homoacetogercetobacterium
woodii. The competitive interaction betwedviethanosarcinabarkeri and the
hydrogenotrophic methanogeviethanococcus maripaludis novel within the
literature.Methanococcus maripaludsut-competedvietharosarcina barkerifor

H2-CO; but both pure culturesere ale togrow together

Physica) physiological and phylogenetroperties of anaerobic granulegre
significantly different at threalesignatedsize distributions Physiological and
phylogenetic characteristics of anaerobic granules from three sources were
significantly different. Individual anaerobic granules had significantly similar
physical characteristics and active community structib@&sed onl6S rRNA
lllumina sequencing Si ngl e anaerobic granul es

e ¢ 0 s y decauseshey had a statistically similar active microbial profile

Micro Sequencing Batch Reactors were employed to analyse how individual
anaerobig r anul e s/ fi wh ce$pend ® vadmis/esviranmental stresses.
Results from VFA profiling and sequencing indicated that single granules

demonstratedeplicated shifts in metabolic and community structure patterns.

In conclusion, @ombination of both pure cultures and hifinoughput sequencing
studiesof mixed microbial communitiehew potential as onol to underpin the

understanding of complex syste such as anaerobic digestion.
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Chapter 1

Chapter 1 - General | ntroduction

1.1 Short introduction to thesis

Microorganisms aremportant tothe environment and are arguably vitahtoman

life due to the vast range of roles they play in biogeochemical cycling,
decompositionmanufacture opharmaceuticals, food production, water treatment
and gut immunityand digestionThe global environment contains mamgtural
variations, such adisparitiesin temperature, pH, and substrate availabilidy
difference in thaevater, sunlight, metals, carbon sources, qadticularly, oxygen
present can have an effect onmacroorganisnis survival rates Aerobic and
anaerobic systems contain vastly different microls@ammunitiesdue to the
different capabilities of thé&illions of microbesin existence around Planet Earth.
It is estimatedthat there are betweeén2 x 13° and31.7 x 16° microbes in the
global subseafloor sediments alon¢Kallmeyer et al., 2012 Anaerobic
communities prevail in habitats ranging from rumen to gastrointestinal &adts
from geothermal sources to sediments. Anaerobic microbes have a broad metabolic
potential to survive in many types of environmentgluding under extreme

conditions.

Anaerobic digestiofAD) is a multi-stageseries of interactions between different
types of microorganisms resulting in the breakdown of commiganicmaterials

into CHs in the absence of oxyge@Hs is one of themost significant greenhouses
gaseshavingcontributed to approximately 2088 postindustrialglobalwarming
(Knittel and Boetius, 2009AD plays an important rolen waste andvastewater
treatmentAlthough CH; hasthe potential to increaggobal warmingpiogas can

be used as a renewable energy source ifetesgy is harnessedlthough there
have been many advancements in the giefdAD microbiology andhe ecology
surrounding the microorganism#, remains a challenge for researchers to
understand this complex systemily. There is a knowledge gap regargl the
microbiology that underpins the AD process, especially thefgpsgnergies and
competitiondetween the individual species involv@adth pure culture andhwole-
community insightsnay help to provide essential insight into the AD process. This
work can therbe combinedvith process data to optimise reactor performance and
maximise CH production for the use of thienewable source of energy.

2
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1.2 Motivations, aims and scope of the thesis

Theoverall objectiveof thisthesiswasto investigatéhe microbial interplay among
individual key microorganisms responsible for metiganesis on a pure culture
level andon aco-culture level, as well asto gainan insight into theanaerobic
granubr biofilms within AD systens in order to investigate their response to

environmental stresses at a single granule level

Theaim of thefirst part of this workwas to investigatand followthe growth and
temporal chemical profiles of key anaerobic peuwkuresand cecultures involved

in waste andvastewater treatmeratt different temperatures and substratése
three model AD organisnstudiedwere themethanogeiMethanosarcina barkeri
the homoacetogeAcetobacterium woodand the hydrogenotrophic methanogen
Methanococcus maripaludi¥hese were chosen because they are commonly found
in anaerobic digesters and their genomes have previously been sequéreed.
objectives were to investigate the microbial interplay between the synendistic
barkeriandA. woodiiand the competitivél. barkeriandM. maripaludisas well

as to conduca temperature pfite study of the metabolicallflexible M. barkeri

in order to examine whether the flexibility is dependent on temperafinase
experiments gave andication of fithess and this information can be applied to
running these digesters elgy providing more of thereferredor most desirable
speciego a digestein order to create a higher yield of methane.

As well as examiningey individual microorgaisms that are found within AD
systemsanaerobic granulesere also investigatedindividual anaerobigranules
provide key informatioraboutthe community structurthat formsspontaneously
within an anaerobidigester. he secondpart of thisthesis (Chapter)4daimedto
focus on the study dhesegranulesbased on three specific sizasd from three
separate sources of granular slydge orderto determinewhetherthere are
differences or similaritiebetweengranular size angranular sludgeype from

physical, physiological and phylogenepierspectives

Subseguently, physical characterists and the active community structures of
individual granuleswere analysedto determinewhether single granules were

similar to each other (Chapter S)he last part of this thes{€hapter 6aimed to
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examine the physiological and phylogenetic resporfs¢h® active microbial

community structure of individual granulesvarious environmental stresses

Collectively,the benefits ofhis series of studieme inadvanig theunderstanding

of the microbial community that underpins the AD prodssthe elucidatiof the
anaerobes m o ahe themvestigation of anaerobic granules at a single granule
level. Henceforth, these types of studies and potential data could be used as model
systems when predicting how changes in operational parametersffeat the

anaerobic microbial communities within bioreactors.

1.3 Organisation of thesis

The purpose of this introductochaptelis to introduce angngage the reader with
the motivationsfor this research. Chapter 2 is a literature revigvich details the
microbiology associated witAD in waste andvastewater treatment technologies
and the microbial techniques used to stadgerobic pure cultures and-cultures
andthe anaerobic granulanicrobial community system3he literature review is
followed by four experimental chapter€hapter 3 presesigrowth and chemical
information regardinghe microbial interplay omodel microorganisms involved

in AD based on growth rates, substrate uptake and product accumulation

Chapter 4oresentsvork onphysiceachemical anekcologicalinsights into various
types of anaerobigranularsludgefrom different sources and at different sizes.
Chapter Ssets out the investigation intibe fermetative and methanogenic
activitiesof different size ifactions fromone sludge type and analysée tactive
community structure of ldividual granulesChapter Gresentshe

examination of the active whet®mmunity response ofdividualgranulego
variousenvironmental stressesinally, Chapter dummarises this search and

the general conclusions drawn from the emieeculturg co-cultureand mixed
culture communitynvestigatiors. Future work on these topicsalso
recommendedThe references for each piece of work are listed at the end of the

relevantchapter.
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Chapter 2

Chapter 2 - Literature Review

2.1 Microbes and Anaerobic Environments

Through the many years of microbial ecological research, it has become abundantly
clear that bacteria and archaea play a crucial role in global systems processes. Their
vast capabilitis to survive in virtually every part of the earth and the adaptations
they undergo in order to do so demonstrate their importance in terms of their role
in biogeochemical cycling processé3rosser et al., 200.7 Calculations have
suggested that microbial carbon and nitrogen could be approximately ten times
greater than the carbon and nitrogen that is stored within gMtgman et al.,

1998. A thorough understanding the ecology of microorganisms is vitsteral
different contemporary anthropogenic interests, from the mitigation of climate
change to sustaining the natural ecosystems and industrial processes such as
pharmaceutical production and wastewater treatififrosser et al., 2007t is the
microbial processes that hagigvenand will drive these important developments.

The more that is understood about the communities and the factors which influence
them, the more efficiently they can be optimised.

There are countless areas throudttba globe where oxygen fails to reach. These
anaerobiccommunities include soil, lakes, marine sediments, guts of animals and
landfill sites (Figure 2.1). Anaerobic microorganisms are ubiquitous among these

types of environments.
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Figure 2.1: Examples b anaerobicenvironments(A) bogs,(B) marshes(C) intestinal
tract of animals an¢(D) ocean sediments.

2.2 Anaerobic Digestion

Global CQ emissions haveecomea major concern in terms dfieir impact on
climate change and global warming. It has bestimated that flue gas exhausts
from power plants have been betweet536 CQ in majority No (Aaron and
Tsouris, 200k Despite commitments and strategies put into writing, sequestration
has become less popular due to several sodmttdrs As a result, the focus of
remedial effortseverts taattempting to convethese large C&emissions to useful
products such as renewable fuélsaerobic digestion (AD) is onguchprocess

that carproduce a renewable fuel (biogdsie to acetogenesis and methanogenesis

AD is a process by whictonsortia ofmicrobial communities break dowerganic
materiaé into simpler molecules, and ultimately result in the producti@Hafand

CO». There are several advantages of AD to aerobic digestion. These include the
use of digestate from AD as a valuable fertiliser because of its better nitrogen
availability and shorterm fertilisation effect, the reduction of pathogenic survival
and the produmn of biogas as a renewable alternative to fossil fuels for heating,
power generation and fuel for vehicl®eiland, 201). Biogas was termed one of

the most efficient and environmentally valuable bioenergy production technologies
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(Fehrenbach, 2008The disadvantages assateid with AD are that there is a long
startup time associated with anaerobic digesters and that the biomass that is
produced by the reactors is itself a type of waste. The capture and conversion of
COe from industrial plant emissions would also requireneaemoval of oxygen

prior to treatment of this flue gas because it generally contains some residual
oxygen(Goyal et al., 201 Its main environmental aim is to reduce pollution and

to produce CHlto be used as a biofuel.

Currently the majority of fulsale treatment systems operate abovéCl&r

optimal microbial activity. Interest in developing low temperature AD (LtAD) has
increased over the past couple of decades due to the reduced treatment costs
associated with wastes streams atanibient tempetares, resulting in little or no
heating requirements. This increases the attractiveness of ADwasta and
wastewater treatment technolo@ettinga et al., 2001Connaughton et al., 2006
McHugh et al., 200@6McKeown et al., 2009b

Microorganisms have been found in many cold environments that have been
studied, from mountains to the deep sea, and these psychrophilic ecosystems are
involved in the global nutrient cycles. The integrity of the microbial community is
compromigd under low temperatures, and effects on cellular structure and various
cellular functionalities, such as decreases in diffusion, transcription, translation and
cell division, have been observéd' Amico et al., 2005 There have been studies

that reported anaerobic degradation of organic matter being observed at

temperatees as low as° (Nozhevnikova et al., 1997

Other studies have been conducted using bioreactors operated at low temperatures
and these have proven to be successful as a potential alternative to mesophilic AD,
with acclimatisation being followed by enhanced methanogenic aciRépac et

al., 1999 Lettinga et al., 200XCollins et al., 2003McHugh et al., 2003McHugh

et al., 2004 Collins et al., 2006Connau@ton et al., 20060'Reilly et al., 2008

The design and development of the granular shimiged EGSBtyle bioreactor

(more detailed discussion in section 2.3) proved to be a milestone for LtAD research
(Kato et al., 199p
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Its primary disadvantage is that growth rates are lower as degradation takes longer
to achieve in AD at low temperatures with much longer lag phases corresponding
to decreasing temperatures. Homoacetogenesis is considered to be one of the most
important s¢ps in low temperature ecosystems such as in tundi&etslyurbenko

et al., 1998 A dominance of acetoclastic methanogens haen lmbserved in
engineered LtAD reactof#\kila and Chandra, 200,/which is consistent with the
finding that it is acetogens in particular that appear to benebiatdmperatures

due to energy gain from the syntrophic volatile fatty acid (VFA) degradation
limitation and elevated autotrophic acetogengdiszhevnikova et al., 2000
Kotsyurbenko, 2006

The acetoclastic methanogkletharosarcina(section 2.2.1.4)Wwas demonstrated

to be associated with a psychrophilic homoacetogenic bacteria in cold climates, and
acetogens could potentially have an increased role at lower temperatures through a
syntrophic interaction(Kotsyurbenko et al., 1993 Despite the findings that
acetogens thrive at low temperaturebgotstudies have reported that under low H
partial pressures, hydrogenotrophic methanogens may be capableofqéting
acetogens due to their higher affinity fof ldading to CH production through this
pathway as demonstrated in engineered sys(&msgsubo eal., 2008 Enright et

al., 2009 McKeown et al., 2009aMcKeown et al., 2009bO'Reilly et al., 2009
Madden et al., 2020

Although mesophilic and thermophilic methanogenesis in AD bioreactors are
comparatively well documented, psychrophilic methanogenesis occurs in most
aqguatic and terrestrial environments, Wwi
biosphere being maintaidet cold temperatures. Psychrophilic archaea are found
in these permanently cold environmefitéadigan, 2000 Schleper et al., 2005
Cavicchioli, 2008. Due to this, there is argwing interest in LtAD as a viable
technology with financial and sustainability advantages. In order to progress in this
field, additional investigations into biochemical pathways and microbial
interactions are requirgiKotsyurbenko et al., 200#etje and Frenzel, 200.7
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2.2.1 Trophic community dynamics and energetics within AD
AD comprisesthe degradation of complex organic materials i@ #bsence of
oxygen by means of a mulitage pathway (Figure 2.2Yarious groups of

microorganisms are required for the breakdown of organic compounds.
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Figure 2.2: The stages and microorganism trophic groups of AD. The red box highlights
the trophic groups to which the pure cultures studied for this work belong (Chapter 3).
Adapted from(Chen et al., 2014

Since their discovery, archaea have garnered much attention for their ability to grow
in difficult and extreme environments and their important role in industrial
processegSchiraldi et al., 2002Stetter, 2006Sharma et al., 20)2Anaerobic
microorganisms have a tremendous ability to survive under energetic limitations by
evolving strategic mechanisms which have enabled archaea to conserve even small
amounts of energyMayer and Mdller, 2014 Gibbs free energy is one way of
measuring thermodynamic potentiald. calculates either the maximum or
reversible work that occurs within a thermodynamic system at both constant
pressure and temperatuge@is favourable for reactions thare less than zero and

are uriavourable for reactions zemr greaterThe calcudtion is as follows:
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G (change in Gibbs free eiidrnstagdard = @H (

temperature) * @S (change in entropy)

The standard change in enthalpy refers to the total heat evolved due to the reaction
at both constant pressure and tempeeain the absence of work and is often the
same as the change in enthalpy provided that the solutions are(Atpsaty,

1969. Entropy is ameasure of how dispersed a systems energy is. Gas phase
entropies are larger than for liquids or solids phases of the same substance because
a gas can expand throughout a space easier and faster than a liquid for example. It
can be calculated from thermotamic tables.

Redox potentials measure the potential balance between electron acceptors and
donors in chemical species that are subsequently reducedosddsed
respectively. Environments with a lawdox potentiahnd short electron transport
chains are ubiquitous throughout nature, particularly in the deeper zones on earth
due to oxygen depletion and hydrogen sulphide formation when organic matter is
anaerobically degrade@Vorm et al., 2014 Methanogens are depemd on low

redox environments to maintain their growth. Mass balances are crucial for
thermodynamics processes to ensure mass conservation along the AD pathway. The

major players in this process are:

2.2.1.1 Hydrolysers

Hydrolysers are organisms that are present in the initial stage of AD: hydrolysis.
They degrade complex organic polymeric substrates (carbohydrates, lipids and
proteins) into either soluble monomeric or dimeric substrates (monosaccharides,
long-chain fattyacids plus glycerol, and amino acidSevier and Kaiser, 2002

Kim et al.,, 2003. Examples of common hydrolysers inclubacteria such as
StreptococcuandEnterobacteriumHydrolysiscan limit the rate of the overaD

processnvolving particulate mattesuch asadipic acid
CesH1004 + 2H0 MHCsH1206 + H2

(Batstone et al., 2002nd thusansufferfrom low efficiency(Appels et al., 2008

12



Chapter 2

2.2.1.2 Acidogens / Fermenters

Acidogengfermentersinitiate thesecond stage in the AD processidogenesis,
whereby there is continued fermentation of the monomeric prodactfurther
degradation into various sharhain fatty acidsand alcohols The various end
products consist typically of propanoic acid, butyric acid, acetate, formate,
methanol, Hand CQ (Fang and Liu, 2002The H partial pressure impacts on the
products in this phase so that, if it was too high, it would decrease the amount of
reduced compoundserardi, 2008

The acid phase bacteria that are facultative anaerobes can consume any oxygen that
has been accidentally introduced into the reactor and can subsequently create some
favourable conditions for the growt obligatory anaerobes such @stridium,
BacillusandPseudomonaiShah et al., 20)4Fermemation in anaerobic processes
usually results in intermediates production from complex substrates to create

organic acids and solvents for exam@@emudo et al., 2007

Several types of reactions can occur during acidogenesis such as:
CsH120s T 2CHCH.OH + 2CQ

CeH1206 + 2H, 7 2CHCH.COOH + 2HO

CsH1206 TH3CH:COOH

2.2.1.3 Acetogens

Acidogenic products are further oxidised tg €O, or acetate in processes referred
to as acetogenesis, and are completed by either obliggiettlicing acetogens
(OHPAS)(Schink et al., 1992Stams, 199/or homoacetogens. Acetogenesesw
discovered in 193%Fischer, 193p C(O is ubiquitous within nature, especially in
anaerobichabitats, due to its importance for chemoorganotrophic metabolism.
Acetogens are one of the groups of strictly anaerobic prokaryotes that pses CO
an electron acceptoAcetogenic bacteria are important members of A2
pathway as they amapable of tilising variousother commorcompounds found
within the anaerobic fad web such as alcohols, sugars, organic and aminoacids

C1 compounds to form acetate. Acetogens utilise the \Algmagdahl or the
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reductive acetylCoA pathway for acetyl CoA synthesiad for the conservation of

their energyi.e. to fix carbon and to synthesise ATP.

Beginning in the 1930Q3nicroorganisms were found to conveti and CO; into

acetic acid. Their general reaction which they carry out is:
(1) 4+ H*+ 2HCO' Y CsB00 + 4H,0 & =-98.7 kJ

Organisms such a8cetobacterium woodi{A. woodi) (section 2.1.1.3.1) and
Clostridium aceticum can grow either by fermentation of sugars
(chemoorganotrophically) (reaction2) or chemolithotrophically and

autotrophically by C@reduction to acetate withzHs the electron donor:
(2) CsH1206 TH3CH:COO + 3H" & =-310.9 kJ
(Kalogo, 200}

Acetogengan stoichiometrically conveane moleof glucoseinto three moles of
acetatddomoacetogengrow autotrophically using Hand CO as electron donors
and CQ as an electron acceptor. Other pathways can metabolise many different
electron donors, acceptors and carbon soyRagsdale and Pierce, 20080 is
another sole energy source for some acetogens, resulting in acetate,asditO
fermentation producté_orowitz and Bryant, 1984Matrtin et al., 1985Zeikus et

al., 1989:

4 CO +4 HOTMH2 HCGOs + CH3COO + 3 Hf & 2L-165.41kJ

Almost all acetogenic bacteria thbduce acetate are graositive. Bacteria and
many of these are from the gen@lastridiumandAcetobacteriumThegenerated
acetate is either used directly by acetoclastic methanolgthanosarcinaspp.
andMethanosaetapp.)or by syntrophic acetate oxidising bacteria (SAOBs) and
hydrogenic methanogens. This was first observed in a thermophilic réaciber

and Koch, 198yand subsequently at a low temperature in anaerobic sludges with

high ammonia conter{Schnirer et al., 1996

Acetogemsis is of interest industrially because it can synthesise acetic acid from
biomassderived sugars readily with the possibility of recovering additional

valuable products like vitaminiB However, it also has technical and economic
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problems when it come® sourcing inexpensive substrates and developing an
economically competitive fermentation procg¥8ang, 1978 Ng et al., 1981,
Klibanov, 1983 Zeikus, 1983Wang and Wang, 1934

Over the years, acetogens have become more studied within the field of AD. The
original rational was that methanogens were more important because they are
thermodynamically more favourable but this has evolved to the understanding that
acetogens are a hightliverse group of microorganisms regarding their metabolic
range. This was demonstrated by their ability to utilise chemolithoautotrophic
substrates to their heterotrophy capabilities of converting sugars to acetate to their
oxidation of methoxylated arcatic compoundg§Xu et al., 2009 From 3% to 11%

of total bacteria in anaerobic sludge have been reported previously teutiédthg
acetogengWang et al., 2007 Homoacetogenic bacteria have been observed in

environments spanning a wide pH range-&(@rake, 2008.

2.2.1.3.1 Acetobacterium woodii

A. woodiiis a fastidious homoacetogenic bacteria whidtristly anaerobicgram
positive, oval andnotile due to one or two stterminal flagella at the end of short
rodsmeasuring 1 by pm. Colonies are circular and grow to 1 mm in diamdter.
is part of theEubacteriaceadamily and is named in honour ofaHand G. Wood
(Balch et al., 197y

Theacetogenic bacteriatrainstudiedn thisthesis(Chapter 3) waA. woodiiWB1
(DSM 1030)and was isolated from black sediment of a marine estuary called
Oyster Pond Inlein Woods Hole, Massachuse(Balch et al., 197) It is a rod
shaped bacterium that metabolises via the \Wlgodgdahl| pathway (Figure 2.3).
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Figure 2.3: (A) A phase contrast photomicrograifibstratingA. woodiiWBL1 cells (taken
from Balch, 1977) andB) the WoodLjungdahl pathway from HCO, (adapted from
Ragsdaleand Pierce2008).

Its substrates includedCO, and organics such as formate, fructodecase,
glycerate, lactate and methoxylated aromatic compounds. Fructose fermentation
occurs by means of homoaceticfermentation as reported previously (section
2.2.1.3, reaction (2)):

CsH1206 TH3CH:COO + 3H' & %-310.9 kJ

Every mol of fructose isfermented to 2 mol of acetate in glycolysis and the
phosphoroclastic reaction of pyruvate generating 4 mol of fG&dley et al.,
1990.

4H, + 2CQ, MHCHCOO + H* + 2H,0 P& E-95kJ

During autotrophic growth. woodiiuses the exergonic oxidation of #hd2 mol

of COx andis then reduced td mol ofacetic acidor ATP synthesigBertsch and
Muller, 2019. Heterotrophic growth involves therdmentation of 1 mol of fructose
to 3 mol of acetatéBalch et al., 197)¢ Acetate has been reported to be the only
VFA detectedduringA. woodiigrowth studiegDiekert et al., 1986

Sodium has been demonstrated to stimulate faster growthwbodiiat specific
concentrations and influences the amount of acetate that is produced when grown
on fructose or on HCO,. There im0 such sodium dependerareacetate formation
present when grown on methanol plusGD: (Heise et al., 1989 Thee has been

conflicting evidence on whethe. woodiican grow on CO as the sole energy
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coursg Genthner and Bryant, 1988Bertsch and Muller, 20350ptimal parameters

for A. woodiiinclude pH 58.2 at mesophilic temperatures.

Applications for acetogens, aiWd woodiiin particular, now include the bacterial
developmentas a production platform for biommodities from syngas, a
combination of CO, B and CQ. Acetogens are involved in bmmmodities
production strategies because they can convert each of these molecules to the starter
molecule acetyl CoA for various cherals(Kopke et al., 201MDaniell et al.2012
Bengelsdorf et al., 20)3

Furthermore, thé. woodiiendproduct acetic acid represents an important building
block within the petrochemical industry where polymers such as vinyl acetate and
cellulose acetate are produced and the major greenhouse gmsscG@sumed. 10
million tons of acetic acid are produced annué@llyekert andWohlfarth, 1994
Muller, 2004 SchietBengelsdorf and Durre, 20,lRantzow and WeustdBotz,
2016. Additionally, low aqueous gas sollity in the fermentation of kigas results

in low bioreactor productivitie®\. woodiican be applied to stirreidnk bioreactors

with continuous increased Hpartial pressure in order to overcome this mass

transfer limitation by increasingzt$olubility (Kantzow and WeusteBotz, 2016.

2.2.1.4 Methanogens

Methanogensre a group of strictly anaerobfachaeathat biologically produce

CHa. The ecological strategies of methanogens are crucial to understanding many
global processes as well as many anaerobic environments, but they asteabsd r

to human health conditions such as periodontal diseases and colon cancer, where
they have been found to be predg&anway de Macario and Macario, 200arrell

et al., 2011 Methanogens exhibit enormous diversity in various aspects such as
their ultrastructure and morphology and their watl amembrane chemistry, as well

as their nucleic acid homologBarker, 1956 Zeikus, 1977 Balch et al., 1979
Taylor, 1982 Vogels and Visser, 1983eikus, 1983 Daniels et al., 1984
Membrane lipids of methanogens are made of dihlkeed isoprenoid units and

their walls are composed of a variety of polysaccharides, polypeptides or of a
mixture of N-acetlytalosaminuronic acid,-Bcetylglucosamine, and polypeptides.

They do not contai peptidoglycar(Jones et al., 197 Kandler and Kdnig, 1978
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Makula and Singer, 197&6nig and Kandler, 1979 ornabene and Langworthy,
1979.

They have been studied in depth for over fifty years due to their importance in the
carbon cycling of compounds by the degradatélow carbon simple molecules

and due to their involvement in the global carbon flux. Accordingly, methanogens
are used in the agricultural, industrial and toxic wastes processing industries
(Zinder, 1993 Deppenmeier, 2002 Methanogenesis catalyses the terminal stage
of the AD process and maintains a tremendolaslypartial pressure of Hn the

range of 10 to 1000 ppm due to syntrophic associations bg@noHucing and
consuming microorganisms in welinning anaerobic igesters (Harper and
Pohland, 986, De Corte et al., 1998

Microorganisms including methagens produce approximately 80% of
atmospheric Ch a significant greenhouse gag Mer and Roger, 2001They use
anaerobic respiration metabolism whereby.@Jeduced by kto form CH,, and

acetate can also be used as a substrate to initiate methanogenesis by acetate
decarboxylatior{fFerry, 1999. Fermentation of acetate accourtsdpproximately

70% of the global Ckiformed from biologically produced GHlLovley and Klug,

1982). These two subdivisions of methanogenesisefszred to hydrogenotrophic
(reaction 1) and acetoclastic methanogenesis (reaction 2) respectively.

(1) 4Hp + CO THCH4 + 2H0 P& &-130.7 kJ
(2) CHLCOOHIMCH4 + CO2 P& &-36kJ

There are two genera of archaea that can utilise aceéflthanosaetaand
Methanosarcina It has been reported that some species within the
Methanosarcinaceaéamily are capable of both acetaand H-CO; utilization
(Boone et al., 1993 Contrastingly to mesophilic and thermophilic temperatures,
there has been research into psychrophilic methanogenic metatitlsmvarious
environments (section 2.2M. barkeri for example, has been studied at a low

temperature and is discussed in the next section.

There are six known methanogenic orders, five of which are termed
Ahydrogenotrophico. ledns anaiolygudiliseotCOputh i ¢ me t
rumen methanogens can also utilise formate, sodium formate in particular
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4HCOO + H" + H:O NMHCHs + 3HCG

They lack a cytochromeontaining electron transport chain, and electron
bifurcation is the proposed mechanisntémserve energy from GQ@Thauer et al.,
2008 Costa et al., 201Kaster et al., 2011ie et al., 2012 The maintenance of
low partial pressures of Hkeeps the fermentative pathways energetically
favourable. TheMethanococcaceadamily was originally discovered to have
fragile cells, which occur singly or airs and have an optimal growth range from
32°C to 40C (Barker, 1936Kluyver and van Niel, 193@alch et al., 1979 There

are four pecies in this family that have been categorised as mesophilic:
Methanococcus maripalud(®1. maripaludi9 (described further below isection
2.2.1.4.2.) M. vannielii, M. voltaeand M. aeolicus(Keswani et al., 1996 M.
maripaludisdisplays an advantage over the other species at low temperatures as it
is better able to maintainlaw partial pressure of Hluring wastewater treatment
(Goyal et al., 2016

2.2.1.4.1 Methanosarcina barkeri

Methanosarcina barkeri (M. barkgris termedan acetoclastic methanogen and a
member of thédVlethanosarcinaceaamily but it is capable afonsuming HCO.

It was named after H. A. Barker who made conclusive studies on this species and
on other methanogenic species. The cells are generallynntile mesophilesr
thermophiles and have a thick cell wall of approximately 500 nm which is
comprised of the acid heteropolysacchariMebarkericells are clustered together

in clumpswhich vary in sizérom several to several hundred micrometied are
grampositive iregular cocci (Figur@.4). They are coccoid bodies of cells ranging
from 1.5 to 2.0um in diameter. Without a microscope they have a grainy
appearance with active gas formation pre@@alch et al. 1979 Bryant and Boone,
1987).

The strain studied in thikesis(Chapter 3) waM. barkeriMS (DSM 800), which
was isolated iran axenic culture, lost and 4isolated from a butyrate enrichment
derived from an anaerobic sewage sludge digéStehnellen, 194,7Bryant and
Boone, 198Y. Other strains isolated arstudied at the time included strains 227

(also taken from a sewage sludge diggsttrain W(whichwas a gasacuolded
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strain and strain DM (ATCC 29894fwhich was isolated from an anaerobic
digester supplemented with bovine wadtéah et al., 197/Mah et al., 19738
Mountfort and Asher, 19%9M. barkeri can be found in a wide range of very
different environments such as marine habitats, Antarctic ,lakesmarine
hydrothermal vents, freshwater soil and sediments, landfills, rice paddies, sewage
digesters and as symbionts in rumen, termites, protozoa, human large intestines,

and in the gastrointestinal tracts of various anirtalsder, 1993 Sowers, 2000

Acetyl Coenzyme

CODH
MTR
MCR

Figure 2.4: (A) A micrograph image oM. barkeri CM1 cells using a laser confocal
scanninginverted microscopéLambie et al., 2005and (B) the methanogenicathway
from acetate. Aapted fom (Qiao et al., 2014 Abbreviations:AK, acetate kinase; PTA,
phosphotransacetylase; CODH, carbon monoxide dehydrogenasefGm&tgynthase
complex; MTR, methyltetrahydromethanopterin: CoM methyltransferase; MCR, methyl
CoM methylreductase; HS0A, coenzyme A
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As well as coveting the largest emonmental distributionM. barkeriis known as
the most metabolically diverse methanogdme to its ability to grow both
chemoautotrophally and chemoorganotrophicall@tadtman, 196 Zeikus, 1977
Weimer and Zeikus, 1978bAlong with acetate consmption and the oxidation of
H2/ reduction of CQsubstrate processéd. barkerican metabolise methan@QO

and methylamine as sole electron donG#dsis formed by the following reactions:
(1) CHsCOOHIHCHs+ CO, pC& % -36 kJ

(2) COx+ 4H2MCHs+ 2H20 G &-131 kJ
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(3) 4CH3OHIH3CHs+ CO +2H0 PG &-106 kJ
(4) 4CO + 2H0MHCHs+ 3CO, PG &-121kJ
(5) 4 CHeNHsCl + 2 H0 3 CHs + CG + 4 NH4CI

CHa formation and growth are faster in48O,- or in methancktontaining medium
than in a medium containing acet@féeimer and Zeikus, 1978Balch et al., 1979
Hippe et al., 1979Mller et al., 1986Bryant and Boone, 198%ancho Navarro et
al., 2014. It has been suggested that acetataptation growth has a lag period of
approximately three weeks before growth is obsefWhter and Wolfe, 1970

H> was considered to be a requirement for methanogenic growthVvurtiérkeri

was adapted to grow on acetate in the absence (¥lkh et al., 1978.

It was also observed that the acefai® M. barkeri strain MS was capable of

producing H as well as Cl and it was suggestedstithe amount and rate of both

products formation was directly correlated to and dependent on acetate
concentration(Krzycki et al., 198). Hydrogenase is the key enzyme for the
metabolism of Hand can distribute between the particulate and soluble fractions

of a cell(Fauque et al., 1984It was also reported thabMas a potent inhibitor of
methanogenesis from acetate in sdvhebarkeri strains (Smith and Mah, 1978

Ferguson and Mah, 1988ikmanns and Thauer, 1988ut that H was not an
inhibitor of CHyorof CQpr oducti on from acetatebds met

inhibit methanogenesis for the str&ih barkeriMS.

It was also speculated that the clumping structural morphology could be
advantgeous for M. barkeri due to the possibility of any Hlost during
consumption being regained by an adjacent cell for subsequent use. Cells that
contain hydrogenase in either the membrane or the cytosol would then be able to
consume any Fthat has been produced by their neighbouring cells in the physical
cluster(Krzycki et al., 1987Kemner and Zeikus, 1994

In relation to multiple substrates (acetate and methanol), a previous study has
reported thall. barkerican exhibit a diauxic response when there is an acetate and
methanol mixed substrate feed. In tegperiment methanol grows fir&mith and

Mah, 1978. The increased unavailability of acetate over a partner substrate was
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also demonstrated in another mixotrophic study of methylation where the methyl
group of methanol was activated &asvhereas the methyl group of acetate was
not availablgShapiro ad Wolfe, 1980. Acetate is known to be a key intermediate
within the metabolism oM. barkeriand is able to contribute as much as 60% of
the cells carbon formed during heterotrophic growth and during autotrophic growth
on H-CO, (Weimer and Zeikus, 1978Weimer and Zeikus, 1979Although it is

a key i nt er mdilbatiantrates wesecsaebstantiabydosver tor single
substrate growth while cell weights of cells produce per mole of substrate were
generally similar for acetate with methanol. Several other studies observed
simultaneous consumption of acetate and meth@hatten et al., 1980Scherer

and Sahm, 198 Krzycki et al., 1982

The bioenergetics d¥l. barkeri and in particular the acetate conversion ywath

did not begin to unravel until the late 198§B=inemann et al., 1988vhen it was
demonstrated that acetoclastic methanogenesis was accompanied by ATP
generatiorfrom AK and PTA (Figure 2.4)A sodium motive force is required for
certain reactions involved in Glfbrmation from methanol, C{plus H to acetate
(Peinemann et al., 1988rom the ability to utilise a wider range of substrates, to
adaptation within a wider range of environments and to forming complex
multicellular structures in comparison to moster methanogen$) barkeri has
proven to be an extremely versatile archaeon. It also has a relatively large genome
size of 4.8 Mb, which perhaps accounts for its adaptable n@laeder et al.,

2006.

M. barkerihas been partnered with other species in variousultares to further
analyse its metabolic and genetic reactions with a competitor or a sy(itvagkr
and Wolfe, 1979Winter andWolfe, 1980 Rocheleau et al., 199®lugge et al.,
201Q Qi et al., 2014 In general Methanosarcinaspecies have proven to be an
exceptional model organism for genetic studies of methanoge(@siss et al.,
2005 Welander and Metcalf, 2008Velander and Metcalf, 2008

Its optimal growth conditions are at pH 5.5 to 7.5 and at mesophilic temperatures.
Expanding on the versatility . barkeri, it has beemeported that it is capable of
growing at low temperatures by their presence in Lt bioreactors during periods of
reactor instability brought about through operational parameter changes such as
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temperature(McKeown et al., 2009aand hydraulic retention times (HRTS)
(O'Reilly et al., 201D A separate study looked into the growth and functional
aspects oM. barkeriwhen it was subjected to a heat sha@®C down to 18C)

and found that methanblased methanogenesis was found to be significant@t 15

and methylamine methanogenesis was suggested to be successful, conferring a

survival advantage fdvl. barkeriat low temperaturegunnigle et al., 2003

2.2.1.4.2 Methanococcus maripaludis

Methanococcus maripatlis grows autotrophically on HCO. in a defined
medium. It was discovered in marine sediments, particularly in a salt marsh in South
Carolina. It is Gram negative, n@poreforming and weakly motile. It has been
found to couple motility through flagella and pili to; Eoncentration sengin
resulting in the phenomenon of hydrogentaxis. Hydrogentaxis could act as a
competitive strategy foM. maripaludisto outcompete other microorganisms for

H> gas as a substra{8rileya et al., 2018 The specific role of its pili is still
unknown (Ng et al.,, 2011 Its pleomorphic coccoidod cells (Figure 2.5A)
average 1.2 by 1.eim and a 0.9.3 um diameter with electron micrographs
illustrating a regular array of protein subunits on the outer surfaces. The pale yellow
colonies are both translucent and circular wittmooth surface and an entire edge
(Jones et al., 197Balch et al., 197)ones et al., 1983a

The particular strain studied in this work (Chapter 3) MasaripaludisJJ (DSM

2067) aadl was i solated from salt mar sh sedi
Observations in plating efficiencies suggested that even low levels dfirihg

preparation and incubation seems to inhibit both growth and colony formation of

plated cells that were wedigparatedJones et al., 1983b

Substrates foM. maripaludishave thus far been confined to formate or a mixture
of H> and CQ (Figure2.5B) described as reactions 1 and 2 below; 8@educed

to CHs by a modified Wooeljungdahl pathway which is referred to as the Wolfe
cycle (EscalantéSemeena et al., 1984 Unlike other methanogens that require
more complex substrates and intermediakésmaripaludisgrows on a simple
carbon source such as €ahd N as the sole nitrogen sour¢eliner and Winter,

1987. Sodium selenium and magnesium are important nutrients required for
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growth (Jones etal., 1983 If H> was a renewable source of energy hr
maripaludis it would be capable of capturing and converting. @@issions, the

rise of which comprises a global problem, into the beneficial bigeyal et al.,

20169. Even though it can assimilate other carbon substrates like acetate and
pyruvate, both of these substrates are not relevant physiologically fer CH
production(Shieh and Whitman, 198Yang et al., 1992

(1) CO+4HY CiH 2HO0 o3 & -131 kJ/mol
(2) 4HCOOH Y:+GHz-O2H,0 oq3° & -119 kJ/mol

M. maripaludisis an ideal methanogen for genetic studies because of its short
generation time and because its nutrition has been charactélmees et al.,
1983h. More than one hundred experimental studies have examined specific parts
of M. maripaludi® s g e n e t and 8 aml fits biocbemistryGoyal et al.,

2016. Its genome of 1722 protegoding genes in a 1.66 Mb single circular
chromosome has been sequeh@ong with a number of studies of global
regulation such as responses to nutrient limitations and growth rates within archaea
as well as metabolic fluHaydock et al., 20Q4endrickson et al., 2004

M. maripaludisis polypoid and it can contain from 30 to 55 genomes per cell. This
is dependent on which growth phase it is at. Remarkably, the results of a recent
study indicated a similarity of essential gene numbers between this methanogenic
archaeon of approximateB26 genes and bacteria that range from-@%4 genes
(Sarmiento et al., 20)3A reconstructed genorseale metabolic model has also
been generated from a combination of geilwpisiochemical and physiological data
resulting in 605 metabolites and 570 reactions across 52 distinct pattGmya

et al., 2014 The only other similar model that was found in the literature thus far
is for the central metabolism of the-colture M. maripaludisand D. vulgaris

which looked at their syntrophic association as well as investigatingi©Huction

from lactatg(Stolyar et al., 2007 Its optimal growth conditions are at pH 6.8 t0 7.2
and at 38C to 39C (Jones et al., 1983Baydock et al., 2004
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Figure 2.5: (A) Image ofM. maripaludisJJ ofcells viewed by phase contrast microscopy
(taken from Jones, 1983) and (B) general methanogetiovay from H-CO,. Adapted
from (Schéfer et al., 199%nd (Lambie et al., 2015 Abbreviations:CHO-MF, formyl
methanofuran; HMPT, tetrahydromethanopterin; CoM, coenzyme M

2.2.1.4.3 Methanogenic Inhibition

Several inhibitors have been used in AD studies to test the influences and impacts
of various trophic groups. In order to study the effects of methanogenediseand
AD pathway in more detail, a potent inhibitor calledrdmoethanesulfonate (BES)

is commonly used. It is the coenzyme Mn(2rcaptoethesulfonate) analogue which
inhibits the process of reducing metltgenzyme M to Cllin some cell extracts
(Gunsalus et al., 197&inder and Koch, 1984 In particular, 1 nmol/ml of BES is
capable of inhibiting methanogenesis Mgthanosarcinacells (Smith and Mah,
1981). Several ecological studies have used BES as a methanogenic inhibitor at
concentrations of approximately between 0.1 andanbl/ml (Healy et al., 1980
Zehnder and Brock, 198@remland et al., 198 Bouwer and McCarty, 1983
Although a significantamount of inhibition or complete inhibition has been
achieved in these short studi€dinder and Koch, 1984 it should not be
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definitively concluded thaadaptation to or degradation of BES may occur in long
term experimental studi¢gSmith and Mah, 198 Bouwer and McCarty, 1983

Antibiotics vary in their effectiveness against methanogenic microorganisms,
especially in accordance with their concentrations, as with most compounds. For
M. maripaludis D-cycloserine (1 mg/ml) and chloramphenicol (0.1 mg/l)
completely inhibited growth. Comparatively, penicillin G (2 mg/ml), vancomycin
(0.1 and 0.5 mg/ml) and tetracycline (@§/ml) all had no effect on growidores

et al., 1983n

2.2.1.5 Syntrophy

Synergy and@ompetition are the cornerstorteshow all organisms survivéirive

or disappear within a community, a niche, an ecosystem or an environment. The
interactions of specific species can result in thewigal in a specific environment

in which they otherwise would be unable to sun{ismlyar et al., 2007 Syntrophy

is a key metabolic process withi@mnaerobiccatabolism which involves two
different organisms cooperating in the consumption of a substrate. They require
each other to complete this degradation, and they achieve energy conservation in
the process. This is also a form of mutualism where archaeabacigrial
interactions with each other ensure the anaerobic oxidation pfBoidtius et al.,
2000. Interspecies Htransfer is the heart of these syntrophic reactions where one
species consumes nd the partner pduces H. Although it is difficult to eke out

a living on a severely marginal energy economy, they can somehow survive and

understanding their strategy still poses a significant challenge to scientists today.

It is known that syntrophs degrade highly restli¢ermentation products and that
they issue an important product for anaerobhicbhsumers as Heleased during
acetogenesis may have an inhibitory effect on the microbial comm(8tigh et

al., 2014. This proves that a bottleneck would be triggered where electron
acceptors aside from G@re doing the limiting if syntrophs did not exist.

Early aetogenic and methanogenic microorganism studies have demonstrated a

parallel course presumably due to both groups residing in similar environments and
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utilising similar substrategFischer, 1932 Wieringa, 1936 Schnellen, 1947
Barker, 1949Zeikus et al., 19856

As described previously, fermentation to skarain fatty acids, alcohols,.tand

CO, results in Hand acetate being consumed by methanogenesis but most of the
carbon remains and cannot be catabolized directly. Syntrophs are secondary
fermenters and require two organisms; one being@Hsuming partner organism.
Syntrophy is the interactions of acgéms with methanogens and is vital for AD
performance(Schink and Stams, 20p6These syntrophs degrade fatty acids,
coupled with growth of and distances between acetogens. Hydsogeanging
microorganisms have a bearing on specific growth rdBetstone, 2006
Thermodynamic equilibrium is required and chemical energies are shared amongst

the syntrophic organisms.

Syntrophic acetate oxidation requirasetotrophicbacteria (SAOBSs) to conver
acetate to B and CQ. This conversion is followed by hydrogenotrophic
methanogenesigSchnirer et al.,, 199%chnurer and Nordberg, 2008 hus far,
most of the SAOBs have been classified as #wgtls such a3 hermacetogenium
phaeumClostridium ultunenseSyntrophaceticuschinkii, andTepidanaerobacter
acetatoxydanglLee and Zinder, 198&chndirer et al., 199'Hattori et al., 2005
Westerholm et al., 20)1

Biogas production relies on a symbiotic relationship between syntrophic bacteria
such asSyntrophobacter, Synthrophospaaad Syntrophomasvith methanogens

(Shah et al., 2024 Syntrophic bacteria convert agithase products into acetate
and/or B which can be subsequently used by the methanogens. Recent studies have
between the syntrophs. Acetogenesis cannot progress in the absence of
methanogenesisSong, 2003Summers et al., 201Morita et al., 2011Rotaru et

al., 2014.

According to the literature, most syntrophic interactions have been demonstrated to
have optimum temperatures in the range of 25 f€4td optimum pH levels in

the range of 6.3 to 8stams, 1994Schink, 2000Schink, 20020'Flaherty et al.,

2009. It has been reported that syntrophic activity reduced slightly after BES
exposure indicating that both methanogenesis and syntrophy can be affected by the
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i nhi bi t o (\Webstepet ab, 2@ @emenstrating a delicate balance among
syntrophs.

2.2.1.5.1 Acetobacterium woodii and Methanosarcina barkeri

Syntrophy between the homoacetogenwoodiiand M. barkeri was previously
examined in studies where edateadaptedM. barkeri was cecultured with
fructosefed or glucosefed A. woodii The acetate produced By woodiiwas then
consumed byM. barkeri This pairing led to the complete conversion of the
carbohydrate to COand CH. It was observed tha&. woodii formed 3 mol of
acetate per mol of fructose followed M barkeri utilising acetate to form CH

and CQ in this mixed culturéWinter and Wolfe, 1970 Adaptation to acetate
adaptedVl. barkericells took approximately 3 weeks for three early sets of studies
(Mah et al., 1978Winter and Wolfe, 1973utten et al., 180).

In a continuous caulture of B-grown (i.e. not acetatadaptedM. barkeriandA.
woodii, it was reported that there was a doubling time of 6h & 3&en grown

on fructose bott\. woodiiindividually and when grown together. It was suggested
that autotrophicalhgrown methanogens delop a syntrophic association wig
woodiias opposed to acetgteegrownM. barkerifermenting the acetate produced
by A. woodii(Winter and Wolfe, 1980

2.2.1.6 Competition
It has been suggested that methanogens caocooybete homoacetogens fos-H
CQO, in particulardue to the thermodynamic favourability of methanogenic

archaea.
Methanogenic archae@0; + 4H, Y CiH 2H0 G &-131 kJ
Homoacetogenic bacteri@0, + 4H, Y ac et + 2hOa c i @G E-95kJ

This advantage is presumably the reason that methanogeunslisenH, which is
approximately tenfold lower in its concentrations than homoacetogenic bacteria
(Lovley, 1985 Cord-Ruwischet al., 1988Conrad and Wetter, 199Peters et al.,
1998. Even though it is the methanogens who should energetically prevail over
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homoacetogens, Ftonsuming homoategens do persist in environments
alongside methanogens. It was speculated that this may be duettomogeneous
distribution of these physiotypes at different sites present in the same environment.
This suggestion was made in the context of a studieohindgut of a termite in

which coexistence of both homoacetogens and methanogens resulted in the absence
of a direct H competition or of another mutual resoufteadbetter and Breznak,

1996 Ebert and Brune, 199Peters et al., 1998

2.2.1.6.1 Methanosarcina barkeri and Methanococcus maripaludis
There has ben no study founth the literaturethat is directly focused on the-co
culture ofM. barkeriandM. maripaludis.

2.3 Wastewater Treatment Systems

Aerobic wastewater technology is the core system used in activated sludge
treatment plants. The aerobic digestion process is faster than AD but requires higher
energy inputs. Biomass production is low for anaerobic processes and high for
aerobic processg$asparikova et al., 20D5However anaerobic technology has
enabled the exploitation of naturathgcurring microbial consortia for production

of biogas from renewable organic wastielsirto, 2003.

The septic tank is a simple common form of domestic sewage treatment where
solids settle out and an anaerobic community develops at the bottom of the tank.
This community enables the decomposition and tredtrokmpplied waste. In
parallel, abiotic and biotic processes within a piped drainfield aid effluent
purification in the tank and subsequent dispersion into ground(vtgrers et al.,

2014. Beyond the septic tank systemhete are many differenteactor
configurations that have been developed and studied in datdilll-scale AD
treatmentMicroorganisms can adhere to solid material in reactors such as trickle
filters or fluidized beds. In the event of microorganisms having poor adhesion
propertes, they can be artificially immobilised in polymers such as alginate
(Cassidy et al., 1996 This allows for high conversion rates of organic and

inorganic compounds in small reaws (Stams and Oude Elferink, 1997
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Anaerobic moving bed biofilm reactors (AMBBRs) are able é&bain high
concentrations of biomass for applications such as domestic wastewater treatment
(Kim et al., 201%. Consequently, they are used fogh-strength wastewaters as

they are capable of providing higher rates than other diggédelesgaard et al.,

1994 McQuarrie ad Boltz, 201). Their main advantage is the ability to handle
high loading rates at a low HRT, leading to a decreaseantorvolume and
therefore, a smaller footprifdi Biase et al., 200)5Within these AMBBRS, floating
carrier melia, usually polyethylene, encourage microorganism surface growth and
biofilm developmen{@degaard, 1999ahren et al., 2008i Biase et al., 2015

The Upflow Anaerobic Sludge Blanket (UASB) system began as the preferred high
rate granular sludgkased reactor dgn (Lettinga et al., 1980Guiot et al., 1992

Kato et al., 199,/Frankin, 200). Highreactorvolumes are retained in a \$8 due

to aggregation of clumps of bacterial cells into a suspended solids granular structure
which can settle within the bioreactdiacLeod et al., 1990 The gases produced

due to microbial interactions helped to fluidise the granules for enhanced
wastewater conta¢Rittmann and McCay, 200]). UASBs dominate the industrial
marketplace in terms of fulicale granular sludgeased bioreactors and represent

a typical reactor which is common for work with AD.

Expanded Granular Sludge Bed (EGSB) reacaminternal Circulation ® (IC)
systems are also advantageous due to their increased organic loading and mixing
capacity, which result in a preferable smaller bioreactor. This was achieved through
effluent recirculation and high hydraulic loads creating tuehcd and high mixing
intensities, and thus eliminating dead zones within the biore@dxoMan et al.,

1988 van der Last and Lettinga, 1992t has been suggested that these benefits
will lead to the replacement of UASBs in the fut@Feankin, 200}, but UASBs

are still widely useqAbbasi and Abbasi, 20}2

Other bioreactors involved in AD technology include the anaerobic filter (AF), the
continuously stirred tank reactor (CSTR), the anaerobic lagoon (AL), the hybrid
sludge bedanaerobicifter (HYB), the fluidised bed (FBand temperature phase
AD (TPAD) reactors. A specific type of HYB bioreactoas beemeveloped from

the EGSB desigiy placingan anaerobic filter (AFsectionat the top of the
bioreactoyenabling active biomasghichwould otherwisdnave beetost from the
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granular sludge bed to be trapped within the reactor and retained on the inert support
matrix as fixed biofilm growttfMcHugh et al., 2004Collins et al., 200b

Further to this, anaebic membrandioreactors (AnMBRS) also retalsiomass
successfully within domestic wastater treatmensystemsas well asanaerobic
baffled reactors, both of whidreoperatedat low temperatured-eng et al., 2008
Smith et al., 2018 Both of these approaches ensure that immobilised biomass is
effectively and efficiently retained, with the result that methanogenic community
enrichment is promoted through low decay rates and is successful at low
temperatureglettinga et al., 2001 Additionally, it has been demonstrated that a
fixed-film filter section is a beneficial modification to the EG$Bollins et al.,
2006.

CSTRs are applied in lowate suspended biomass systems where microbial studies
have been conductedihis implesthat dynamic shifts may occurihe absence of
measurable variations in their performariEernandez et al., 1998ernandez et

al., 2000 Zumstein et al., 20Q@ang et al., 201,0NVang et al., 2001 The inverted

FB reactors were described as promising due to their use of flegtabticles
containing a lower specific density than the liquid with the result that the particles
were fluidised downward¢GarciaBernet et al., 1998GarciaCalderon et al.,
1998.

TPAD reactors involve the sequential use of a thermophilic digester followed by a
mesophilic digestefKaiser et al., 19955chmit and Ellis, 2001Sung and Santha,
2003. The four stages of AD are separated according to digester type. Firstly,
feedstock is dispensed into the thermophilic digester where hydrolysis and
acidogenesis take place so that the oftenlnaiéng hydrolytic phase can be
accelerated by applyy elevated temperatures. The process then proceeds into the
mesophilic digester to promote acetogenesis followed by methanogenesis with the
use of different pH, HRT and loading rate according to optimal conditions for these
stages(Lv et al., 2010. Its digestion efficiencies were not consistent among
different feedstocks in different case studies indicating certain limitations. TPAD
is still in its infancy and its gtential for largescale use remains open to question
(Demirel and Yenigin, 200Bolzonella et al., 2007 More studies need to be
conducted on additional feedstocks to provide sufficient data for commseeial

design and operatigiv et al., 2010.
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2.3.1 Sequencing batch reactors

Sequencing batch reactors (SBRgat wastewateusing activated sludg&.hey
evolved from the CSTR systenmhereby the HRT was uncoupled from siledge
retention time $RT) for biomass retentioriThe SRT refers tohe average time
activatedsludge solids are in a system or bioreac@ne such mode of cycle
involves pumping in fresh medium over a certain period of time while the reactor
Is continuously stirring. After this filling period both the influent supply aader
cease for a short period of time to allow the aggregates to settle within the
bioreactor. This is followed by the near complete removal of spent medium along
with suspended material. New fresh medium is pumped in once again and this
pattern repeat until the experiment endsAnaerobic gas / Nflushing also

continuously occuréFigure 2.6).

The advantages of SBRs include their efficient biomass retention, the homogeneity
of feed chemicals throughout the reactor, the products and seed biomaissythat
generate, their lorterm operation stability of over a year and their steadiness under
substratdimiting conditions. The original goal of Strous et al. was to develop a
bioreactor technology that can enrich for a large amount of-gfowing
microorganisms that were unattainable and uncultivated for AD resgaicius et

al., 1998. An adapted version of this technology was applied to a ‘igpeh
experiment involving 48vell plates where individual anaerobic granules were fed
with a specific type of medium simulating a certemvironmental condition or
stress. Spent medium was replaced with fresh medium every 48 hours. These

experimental plates were called micro SBRSEBRSs) (Chapter 6).
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Figure 2.6: Experimental setip of an SBR (adaptddm Strous et al., 1998).

2.3.2 Anaerobic granular sludge biofilms

As described in 2.3 success of anaerolbioreactors and especiathye UASB,

is attributableto the formation and maintenance of anaerobic sludge granules in
which an array of microorganisms from each trophiaigrong the AD pathway
can surviveasa niche communyt Anaerobic sludge granules are spontaneeusly
occurring biofilms of mixed communities of species from the various AD trophic
groups. Granules are sétfiimobilised and retained within anaerobic digesters.
They dispense with the need for costly support materials and facilitatenter
species transfer of various substrates to erthei@mplete degradation of organic
constituents from the wastewater present in the biore@étotenhuis et al., 1991
O'Flaherty et al., 199Btams and Plugge, 2009

Anaerobic granular sludge was first discovered in 1976 at a sugar factory in Breda
in the Netherlands and superior resultd afficiencies were observed in this pilot
plant than in previous laboratory studies in the University of Wagenithgtinga,

1977). Granulation of sludge is anomalous and it ocoutpflow anaerobic sludge
bioreactors thereby allowing for much higher loading rates than previous
conventional activated sludge systems. There have been a variety of theories given
to explain granulation. They can be categorised into physical, microbial and
thermodynamic groups.
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Physical &planations for the occurrence of granulation include the presence of
inorganic nuclei, the wasbut of suspended biomass under high selection pressure
conditions and the readtycidifiable chemical oxygen demand which enhances
microbial extracellular pdymer formation(Hulshoff Pol et al., 1983Alibhai and
Forster, 1986Hulshoff Pol, 1989 Vanderhaegen et al., 1992havesri et al.,
19950. Another group examined the growth of colonised suspended solids from
the influent and put forward the suggestion that the increase in granule size is solely
attributabé to growth. The same group theorised that granular size distribution
resulted from small particles being washed into the reactor or by attrition within the
reactor. Additionally, it was found that there was a wider distribution of the size of
granules whe there were fewer suspended solids within the infl{éateboom,
1994). Extracellular polymeric substances were found on the anaerobic gsanule
and it was possible to predict granular strength and loss by observing the flotation
of gas bubble§de Beer et al., 199®'Flaherty et al., 1997

Microbial theories are often integrated with the physical theories mentioned above.
The Cape Town Hypothesis proposed that the autotrophic hydrogenotroph
Methanobacteriumstrain AZ grown under high Hpressures is crucial for
granulation(SamSoon et al., 1987but that it is unable to produce the essential
amino acid cysteine, l'imiting cell synt |
granules were formed in UASB reactors treating acidified wagtre due to
acetate solutions or VFA mixtures with an abundance M#thanothrix
bacteriaMethanosaeta(Wiegant, 198Y. One group observed that a layered
structure was present in glucefeel granules, for examp(éens et al., 1993 This
suggests direct agglomeration of microbes. It was observed that small aggregates
of Methanosaetavere present at the core, due to turbulence generated by gas
production(Hulshoff Pol et al., 2004 Similarly, another group detected this type

of nucleus formation in a fermented alcohol stilldge UASB (Chen and Lun,

1993.

Microscopic and activity studies have demonstrated that granulation begins by the
layering of acidogenic bacteria over filamentdethanothrix forming microflocs

and the establishment of bridgesaffeming the importance oMethanothrixin
granulation(Dubourgier et al., 1997 This demonstrates that a layer of syntrophic

acetogenic and hydrogenotrophic bacteria surrounds this aggrégtteahothrix
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core and that a combination of acidogenic, sufatiicing, and hywgenotrophic
archaedormed the outermost layer, presumably, in part, because they are the least
strict anaerobes in the AD process, which suggests that mature granules have a

variety of other bacteria on their surfaces (Figure 2.7).

The products of the outer layers serve as substrates to the inner layers and
hydrogenotrophic microorganisms could consume freertH, produced by the
acetogens, which implies that strategic positions are determined by the
microorganisms rather than by a dam aggregation of suspended bacteria
(MacLeod et al., 199@uiot et al., 1992Chen and Lun, 199Fang, 200D

Acidogens

H,-producing
acetogens

H,-consuming
methanogens

Figure 2.7:1llustration of the pysical structure oéin anaerobic granule, showidiferent

layers of trophic groups: a central core of methanogens is fed by the substrates of the
surrounding hydrogeproducing acetogens. The outermost layer of acidogens sbreak
down complex organic molecules producing acids for acetogenic consumpdiaptedl

from (Agapakis et al., 2092

Strong evidence has suggested tdathanosaeta conciliin particular is a key
species involved in the granulation proce@dulshoff Pol et al., 2004
Subsequently, other substrates utilised by the granules were also studied such as
sucrose, brewery and potato wastes, wikeath and papermill wastewatéFang

et al., 1994Quarmby and Forster, 199%ianrong et al., 1997Conversely this

layered structure was not observed in other types of wastewater such as that used
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to treat propionate, ethanol, glutamate, sugar refinery wastewaters, and methanol
waste(Bhatti et al., 1993Fang et al., 1994

The thermodynamic group of theories suggest that energy is involved in the
adhesion of the granules due to interactions of a ploysmical nature between

cell walls and, in some cases, inert surfaces. Key features such as hydrophobicity,
electrophoretianobility and proton translocating membrane activities add weight
to these granulation research and hypoth@datshoff Pol et al., 2004 A four-

step proposal has been created to describe granule and biofilm formation: cell
transportation to either an inert ebj or to other cells, reversible physiemical
adsorption to the other cells, irreversible adhesion to these cells by polymers or
appendages, and cell growth of the granules/bidftosterton et al., 198Verrier,

1988 Gantzer, 1989van Loosdrecht and Zehnder, 198rhmdt and Ahring,
1996.

There is also a surface tension model, which was deselop relate surface
dynamics to bacterial adhesion within UASB reactor commur{itiesveesri et al.,
19953. Acidogens are generally hydrophilic whereas acetogens and methanogens
are usually hydrophobic, and it was found that high surface tensions lead to
hydrophobic bacteria aggregation and low surface tensions resulted in hydrophilic
bacteria aggregation. Having acidogens as gwl@se emulsifiers around
methanogens allows more stability within a reactor, which reduces gas bubble
adhesion or subsequentsireout (Daffonchio et al., 1995Thaveesri et al., 199%b

Granular sludge is harmed in certain circumstances, includiege there is a high
concentration of poorlflocculating suspended particl@<ettinga et al., 1980and

in the presence of clay and other inorgafliettinga et al., 1980Many inert solids

that have a very large dace area have also been shown to harm granular sludge
due to the concentrated growth limitations leading to a slowdown of granulation
(Hulshoff Pol et al., 1988 In summaryMethanosaetas believed to play a vital

role in granulation with some suggesting thethanosarcinaaids cell clumping

for granule generation. Bacterial adhesion is thought to be the initial step, followed
by the retention of sludge agglomerates, and growth conditions appear to be more
important than growth itselfMethanosaetaconditions are consideredptimal
(Hulshoff Pol et al., 2004
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2.3.3 Microbial community structure and function

As well as bioreactor operation studies utilising the different configurations
outlined in section 2.3 above, the fundamentals of the underlying microbiology can
be used to evelop strategies to improve efficiencies within the AD bioreactors.
Many studies have been conducted to investigate the structure and function of
microbial communities in various reactor types and under various conditions to
improve reactor operation by aimtaining the healthiest and most efficient

environment for microbes to grow and perform AD.

One full scale study examined the microbial community of thisty digesters over

six years. The authors found that only 300 operational taxonomic units (OTUS)
were present in 80% of the total reads across all bioreactors and that some of the
abundant OTUs could not be classified, thus making it difficult to infer their
function and role within the reactor. The archaea community comprised of
Methanosaeatand Methanolineafor the mesophilic reactors amdiethanobacter
andMethanosarcindor the thermophilic plants. For bacteria, the dominant phyla
were composed dfirmicutes, Proteobacteria, Actinobacteria, Bacteriodeded
Chloroflexi (Kirkegaard et al., 2037 Similar amplicon studies have previously
reported that there appears to be a common set of abundant microbes in anaerobic
digesters that operate similafRiviere et al., 2009Verner et al., 201,ISundberg

et al., 2013pDe Vrieze et al., 2015

Environmental changes such as changes to temperature, substrate and ammonia
concentration appear to shape the community structure but it must be raited th
anaerobic digesters probably have additional deoxyribonucleicRiNi# Y present

that originated from the influent seed biomass, which would likely have an effect
on the microbial dynamicg§Saunders et al.,, 20L6Experiments have been
conducted to avoid these false conclusions, including by removing or binding
extracellula DNA prior to lysing the cell§Nocker et al., 2008Nagner et al., 2008

Lee et al., 201band by monitoring influent compositigheeet al., 2015Mei et

al., 2016 Saunders et al., 20]16eib et al., 2016 The curated MIDAS database
taxonomy protocols have been standardised for wastewater treatment plant sludges,
but it is presently deficient for AlQAlIbertsen et al.2015 Mcllroy et al., 2015%.

This database promises to become a good foundation for studies of anaerobic

digester system ecolodiKirkegaard et al., 20371t is worth mentioning that key
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species could bebaent from these studies due to PCR biases, and in order to bypass
this issue primefree alternatives are requirédloe-Fadrosh et al., 201 &arst et

al., 201§. With regard to lakscale bioreacrrs, he presence ofacetoclastic
Methanosaetapecies appe#n be necessary for strofymation and maintenance

of granularsludge which UASBs requirgéo operate successfuliiMcHugh et al.,

2005.

2.3.4 Physiological analysis of AD systems

Various methodologies based on anaerobic microbial activity have edovid
important informationin relation to community metabolism under various
environmental conditions and changes, including physiological assays. One such
assay is the specific methanogenic activity (SMA) ag€nfleran et al., 1992

which ascertains an activity level for a particular substrate along the methanogenic
pathway and determines the natbgenic route for a particular biomass type either

through CQ reduction or acetate decarboxylatigillkie, 1987).

The assay consists of monitoring the biogas pressure of sealed vials containing
biomass and either a soluble (acetate, butyrate, ethanol or, propionate) or a gaseous
(H2-COy) substrate supplied on an individual basis to the biomasslar to assess

the activity of the trophic group followed by the determination of the SMA as ml
CHas g VSS! day! (Chapters 4 and 5).

Gas chromatography (GC) was performed to measure thed@ithined within the

sealed vials. A gas chromatograph fittedh a thermal conductivity detector
(TCD) ensures that compounds are detected by means of the difference between the
thermal conductivity properties of the carrier gas and the target sample. GC is
advantageous over other instrumentation methods (e.gdispersive infrared,
nondispersive ultraviolet and chemiluminescence) because it makes it possible to
rapidly and simultaneously separate and analyse a complex mixture of volatile
organic compounds, it works for a wide range of chemicals and it is capfable
measuring at both micro and masample scal€¢Hilborn and Monkman, 1975
Budiman et al., 2015
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The soluble substrates acetdtetyrate and propionate are measurable using a gas
chromatograph fitted with a flame ioniser detector (FID) which is capable of
ionising organic compounds by burning them in theid flame(Budiman et b,

20195. FID is more used in gas chromatography than any other signal detection type

and is sometimes called a fAcarbon count.
the same number of ionisation responses as carbon éttoim, 1999 Amirav,

2001).

One particular study compared the two types of gas chromatography metheds (GC
TCD and GCFID) for their determination of §s (propane) in M matrix and the
authors concludedhat the GEFID method was able to offer higher sensitivity and

had a wider linearity range than the GCD method. Generally speaking,
however, both detectors do have adequate sensitivity, linearity ranges and are very
stable. This may differ to varioustexts based on the compounds being analysed
(McNair, 1998 Grob, 2004Budiman et al., 2015

Monitoring sugars involveéxaminingthe fermentativestageof the AD pathway

and thei levels and ratesfaonsumption require@ chemical assay. One such
techniqueavailableis the Dubois method. The Dubois method is a colorimetric
straightforward quantitative approach. It utilises the knowledge that phenol mixed
with sulphuric acid canetermine ketoses, aldoses and their methyl derivatives on
a submicro scaleand this technique is applicable to all carbolyes with a free

or a potentiakeducing group. Therefore, when a sugantaining solution is added

to the phenebulphuric acid mixture its optical density is measured and
concentration is determined with reference to a standard (@Dumis et al., 1951

This methodwvorks for simple sugars, oligosaccharides, polysaccharides, and their

respectivaederivatives(DuBois et al., 1956

2.4 Development of microbial ecology

2.4.1 Plate count anomaly
In the seventeenth century Antonij wvan L
ani malso in water and subsequently buil't

verifying this observatio(Dobell, 1932. Microbial ecology evolved from culture
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dependent microbiology whereby only microorganisms that can be grown under
laboratory conditions were studied in independent culture studies. ghhou
staining and microscopy methods have proven crucial in bacterial classification
through work achieved by scientists such as Robert Koch, who discovered the
relationship between diseases and causative mic{@sesDavid and Davidson,
2014, this culturedependent work only represented approximately one per cent of
the microorganisms that actually ex{Staley and Konopka, 198Bmann etal.,

1995 Alain and Querellou, 20Q%.ewis et al., 201

Isolates of microorganisms proved difficult to culture for several reasons, including
the interdependency of microorganisms and the lack of knowledge in relation to the
specific living conditions for these speci@duyzer and Smalla, 1998 These
culturedependent approaches require complex media, consistingpegific
ingredients such as certain vitamins, micronutrients, cofactors etc. In order to
investigate the true diversity within an environmental sample, otheculture

dependent methods are required.

2.4.2 Techniques used in molecular microbial ecology

This |l ed to a fAirenaissanceo within the sc
development of molecular microbial ecology. This area of research was able to
bypass the past shortcomings of cuktdependent microbiology. A vast number of
additional spcies were thus identified, as well as information regarding their
evolutionary histories, community metabolism, phenotypes and genotypes, using
techniques such as cloning, denaturing gradient gel electrophoresis (DGGE),
temperature gradient gel electropsis (TGGE), terminalestriction fragment
length polymorphism (ARFLP), fluorescentin situ hybridisation (FISH), stable
isotope probing (SIP), higthroughput/next generation sequencing (NGS) and
quantitative polymerase chain reaction (QPCR) technddgexlerc et al., 2004
Sousa et al.,, 200 Malin and Illmer, 2008 Many of these techniques rely on
targeting the conserved 16S ribosomal ribonucleic acid (rRNghe among
different species of bacteriand archaea and thus is a useful target for complex

environmental samplg$Voese, 198)(
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2.4.2.1 Cloning

Clone libraries have been extensively employed for microbial ecology community
analysis.Molecular cloning has aided in the research of individual genes within
living organisms(Arnheim and Erlich, 1992 Initially, DNA is extracted from
samples andpolymerase chain reactiond®CRs) amplified the 16S rRNA
phylogenetic marker gene in mamycrobial diversitystudiegelated to wastewater
treatment systems andhet environmental systenfBond et al., 1995Jackson et

al., 2001 Freitag and Prosser, 20@anz and Kochling, 200Riviere et al., 2009
Leigh et al., 2010CardinaliRezende et al., 201Shah, 201%

The PCR method was developed over thirty years ago, at Cetus Corporation where
substantial amounts of a specific fragment of DNA was amplified and produced
from a complex DNA sample in a straightforward reaction. PCR involves the
synthetisation of a targeted DNA fragment using a-hesistant DNA polymerase
(Tag isolated fromTherrmus aquaticus and two oligonucleotide primers and
involves the following steps: denaturation to form a single strand, annealing of the
first (forward) primer with the single strand, and extension of the forward primer to
include the second reverse primar the other single strand. These steps are
sequentially repeated and amplified over a number of cycles until a satisfactory
product DNA band is generatégaiki et al., 1985Mullis and Faloona, 198 Baiki

et al., 1988 Arnheim and Erlich, 1992 Subsequentlycleanrup and insert
preparationare carried out, the insert is then ligated into a plasmid vector,
competenEscherichia colcells are transformed and screened. Finally, the samples
are sequencefbr clone identification. The limitations of clone libraanalyses
include missing rare tax@&rober et al., 2009Nelson et al., 20)1and the
substantial time required to generate all of the possible clone libraries in a complex
ecosystem.

2.4.2.2 DGGE/TGGE

Both DGGEor TGGE and TRFLP are used for screening and community pattern
recognition purposeglrheron and Cloete, 20D(DGGE and TGGE ardypes of
methods which are also comntpmisedfor mutational analysis anfdr microbial

diversity studies.DGGE separates similesized genes based on their denaturing
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ability whereas TGGE separates nucleic acids based on temperatureatépend
changes in structur&ach has been used extensively in the study of community
complexity. Originally DGGE of PChmplified 16S rDNA fragments was
implemented in the community analysis of microbes present in a microbial mat and
within bacterial biofilmsamplegMuyzer et al., 1998 Subsequently, a study was
carried out to identify the resultant bands by DNA sequencing directly from the

bands that were excised from the gradien{gielyzer and de Waal, 1994

In both DGGHKFischer and Lerman, 19/Bischer and Lerman, 1988lyers et al.,
1987 and TGGE(Rosenbaum and Riesner, 19&iesner, 199 samelength
fragments of DNA with distinguishing geences are separated and tliesgments

of DNA are differentiatecbased on their melting behavio(itanse et al., 2004
Fragments proceedown a gradient gel and once the fragment with the lowest
melting temperature reaches its melting temperature at a specific location, a
transition from a helical to a partially melted molecule occurs and its migration
ceasegMuyzer and Smalla, 1998As previously mentioned,6S ribosomal RNA
(rRNA) genes are widely used as a diversitykaawithin community studiesThe

16S rRNA gene sequencessgesshe capabilityof identifyingbacteria due to their
hypervariable regions which give a speespgcific sequenceThis allowsthe

recognition of norcultured bacterigClarridge, 2001

DGGE fingerprinting is based on the principhat 16S rRNA gene amplicons are
able toseparate in a linear gradient due to differential denaturing characteristics of
the PCRproduct generating characteristic band patterns of complex bacterial
communities. It has become a valuable means of microbial ecology anahysis.
use of a polyacrylaide gel with an increasing chemical denaturant gradient allows
DNA molecules to padsy electrophoresiat different rateslepending upon the %

GC of the particular molecule as well as the precise base arrangement making up
the sequence. In order to acai@ly complete thisechnique PCR primers, one of
which contains a 380 nucleotide GC clamp, are used. Tésureghat the GC
clampremains double stranded, and thatards andtopsat its formation point.
Visual analysis alone is not sufficient tooduce a clear quantitative analysis of
whether two bands represent the same species gMugzer and Smalla, 1998
Sekiguchi et al., 20Q2Huber and Peduzzi, 20p4TGGE is also used in a similar
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capacity. The difference is that there is a temperature gradient across the gel and

the species will melt at different points according &irtBequence.

Even though many studies have utilised the 16S rRNA biomarker, PCR products
attained from functional genes have also been used. One particular study designed
PCR primers to target and amplify the [NiFe] hydrogenase gendifesuifovibrio
microorganismsWawer and Muyzer, 1995 Simpler communities such as-co
cultures have also been studied using DGGE of rDNA fragments. Authors reported
that, by sequencing and applying more selective environmental conditions, they
isolated aDesulfovibrioand anArcobacterstrain in pure culturéTeske et al.,

1996.

The DGGE and TGGE methschave several advantages, including their high
sensitivity, high detection rate and absence of radioactivity, as well as the fact that
sequencing can be performed on the PCR fragmentdqmistiqueDisadvantages

and limitations lie in the primer cost, course taxonomic resolution, qualitative or
semtqualitative data and specialised equipment, as well as the fact that there is
frequently a lack of reproducibility of results both between and withiorébries
(Crosby and Criddle, 2003 albot et al., 2008 The small fragments of up to 500bp
limits the amount of phylogenetic sequence information that can be in{dtyeds

et al., 1985 Moreover, the attempt to excise individual bands may be compromised
due to cemigration of DNA fragments, leading to problems in sequen(ivigyzer

and Smalla, 1998

2.4.2.3 T-RFLP

T-RFLP (Liu et al., 1997 relies on size polymorphismeasurements of terminal
restriction fragments from a PCR product. It emerged as another fingerprinting
method after techniques such as DGGE and TGGE described above. It has some
clear advantages, including high taxonomic resolution, good reproducibility
between and within laboratories, ability to directly correlate the sequence database
with the reference fragments or sample and immediate gel analysis. It has a
significant cost advantage over clone libraries (section 2.4.2.1). Combining these
technigues byrocessing large sample numbers witRFLP followed by sample

selection for the generation of key species identification using the clone library
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method utilises both techniques to their full and most efficient potdkiti@mer

et al., 2006 Lindahl et al., 200 Thus, this method is combined wikquence
databases in order to identify which microorganisms correspond to the different
TRFs(Dickie and FitzJohn, 20QRoberts et al., 2032

However, FRFLP has some disadvantages and limitations in that there are both
shared TRFLP profiles among two different species amaltiple T-RFLP profiles

within a specific species. Generating absolute abundances rather than relative
abundances presents a challenge, as do the requirements for multivariate statistical
analyses, cluster analysis for group identification and eithecipeghcomponents
analysis or multdimensional scaling to investigate continuous variaf(Marsh,

1999 Blackwood et al., 20QFEgert and Friedrich, 200&rant and Ogilvie, 2003
Lueders and Friedrich, 200Rees et al., 200Hartmann et al., 200B®ickie and
FitzJohn, 200/Talbot et al., 2008

In summary, the method includes an initial PCR of environmental DNA extracts

with fluorescentlylabelled primers, followed by digestion using a restriction

enzyme of the terminally labelled amplicons from the PCR amplification, and lastly

the resulting terminal restriction fragments (TRFsS) size measurements are
determined using an electrophbsis platform(Liu et al., 1997. Fluorescenpeak
profiles are then referred to as fAcommuni
for diversity and composition analyses where the fluoresce intensities can
determine the relative abundance of a fragment within a saf@pliton et al.,

2014.

2.4.2.4 FISH

Since 1990, fluorescence in situ hybridisation (FIS&H become a very successful
method because it is able to simply and rapidly quantify methan¢§timikova

et al., 2006Weiland, 201D in their natural environmentia cultureindependent

way (Amann et al., 1990aAmann et al., 199QiDedysh et al., 20011t is very

useful for many different types of microbiology. It can ntiy, visualise,
enumerate and localise microbial cells. It aids the understanding of extremely
complex microbial ecosystems as it can determine both spatiotemporal dynamics
and physiological properties of methanogens within their natural environment

condtions.
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This method can overcome the challenges faced in traditional culthdemendent
methods when studying methanogens, such as their requirement for obligate
anaerobiosis and the nature of their slow growth r@amar et al., 2011 There

are both advantages and downfalls associated with using this technique. Originally,
in situ hybridisation was developed independently by tweaesh groupgJohn et

al., 1969 Pardue and Gall, 1959FISH detets sequences of nucleic acid using a
probe which is fluorescently labelled and it hybridises specifically to a target
sequence which is complementary to it.

The process begins with fixation of sampled cells followed by sample preparation,
hybridisation,unbound probe wasbff, mounting, visualisation and, finally, the
documentation of the results. 16S rRNA is the most commonly used target
molecule. There can be pitfalls, such as the autofluorescence of the microorganisms
themselves, a lack of specificiftyom the oligonucleotide probe and its binding,
insufficient probe penetration, a low rRNA content due to low physiological
activity and photobleaching due to the fading of fluorochromes resulting in

destruction of them over time.

Probes are usually appiimately 15 to 30 nucleotides in length and are covalently

|l abell ed with a fluorescence dye at the ¢
continuously. Grougspecific probes for taxonomies such as the Bacteria, Archaea

and Eukarya domains are still piog valid and popular. They ensure an initial

rapid assessment of a group which is the overall dominanfMoter and Gobel,

2000 Amann et al., 2001Amann and Fuchs, 20D8Additionally, due to the

hundreds of thousands of rRNA sequences that are now known, new
oligonucleotide probes can be designed for community and community dynamics

analysegAmann and Fuchs, 208

FISH investigation has provided a better analysis for microbial diversttyinwi
wastewater treatment environments. Many bacteria arthaeahave been
examined and numerous insights into their genetics have been gained through this
technigue. Methanogens are differentiated from other microorganisms due to a few
unique features sh as pseudomurein, phospholipid etherlipid and @blduction

(Balch et al., 1979Noese et al., 199Qeahy et al., 201,05irohi et al., 2010

45



Chapter 2

It has been reported recently that the combination of rsensors with FISH has
enabled the simultaneous analysis of bacterial communities and metabolic
activities. This suggests that analees are imnaerobicmicro-niches within an
anaerobic environment. This combination can demonstrate community structure
change and biofilm growth over time. The main advantages of FISH are that it is
easy to perform, inexpensive and rapid. However, FEShbt properly automated

as of yet. Automation would increase analysis throughput at a much higher rate as
compared with what is possible at present. The tediousness of manually counting
cells through a microscope is a major drawb@thramm et al., 199%oter and
Gobel, 200D

Micro-autoradiography is a powerful method for tracing rddielled compounds
within a sample using particular bacteria down to the resolution of a single cell. It
enables ecphysiological features to be distinguished, such as the gioduof
bacterial biomass. However it is regarded as a challenging tech@preso,

2012. If specifically labelled substrates are accessible, microautoradiography
coupled with FISH (MARFISH) is possibly the best way to discover the
physiological activity of bacteria inonjunction with their environment. There is
another approach, that of combining FISH witltyanoe2, 3-tolyl-tetrazolium
chloride staining but this method misses out on the discovery of numerous active
cells. The main characteristic of MARSH which hasnticed increased study is
that it can be applied to identify specific members of a range of phylogenetic groups
which are active. It enables direct analysigofivo substrate uptake under various

conditions.

As well as MARFISH, the Raman microscopyd nanescale secondafipn mass
spectrometry (NanoSIMS) techniques are also used. In brief, Raman microscopy
involves using Raman spectra to detect labelled substrate incorporation. NanoSIMS
enables the imaging of mulBotopeqLee et al., 199MNielsen et al., 20Q3Vagner

et al., 2003Amann and Fuchs, 20P8ncreased sensitivity has paved the way for
more multiplexing options to identify microbes in their own environm@ffsgner

and Haider, 2012 The FISH method has been constantly improving for almost 25
yearslt has great potentidbr analysis of complex communities present within the

AD process. FISH has also been a beneficial technique for the study of anaerobic
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granular ultrastructurgSaiki et al., 200 and methanogenic identification
(Rocheleau et al., 1999

2.4.2.5SIP

Stableisotope probing (SIP) of nucleic acids has become a robust and suitable tool
capable of linking microorganism identity with activity in many various types of
environments(Dumont and Murrell, 2005under cultureéndependent means.
Firstly, a stable isotope such@€ (Radajewski et al., 200®umont and Murrell,

2005 Neufeld et al., 20Q7Uhlik et al., 2009Chen and Murrell, 201Madsen,
2010, >N (Buckley et al., 2007aBuckley et al., 2007/Roh et al., 209, Bell et

al., 2012 or, less often!®0 and?H (Aanderud and Lennon, 201Woods et al.,
2011), is incorporated into specific substrates in the system which is to be analysed.
DNA or RNA is then extracted from the sample and an -gkratrifuge sepates

out the labelled and unlabelled fractions of the sample into different densities. The
microorganisms which assimilated the labelled substrate into their cells by
phylogenetic biomarkers such as their phospholigidved fatty acid¢Boschker

et al., 1998 DNA (Radajewski et al., 200@r rRNA (Manefield et al., 2002are

screened using molecular techniques.

Phylogeny can subsequently be linked to function. These types oftshoriatel

application experiments are capable of determining which specific microorganisms

are responsible for a particular substrate degradation in a steddyenvironment

(Hori et al., 200Y. Moreover, this provides information on microorgamssthat

cause environmental chandégeufeld et al., 2007as well as associated genes that

are crucial to the potential of microbial community functions and roles.

Met agenomic integration has el evated res

processes and applications within the microbial commybilkyik et al., 2013.

2.4.3 High-throughput / Next generation sequencing (NGS)
approaches
Sequencing technologies play a significant role in the field of microbial ecology.

Their origins date back thirty years to theadvery and identification of the ancient
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prokaryotic 5S, 16S and 18S rRNA marker gene sequéwiesse, 198 /Head et

al., 1998 Suau et al., 199%ckburg et al., 20Q5DeSantis et al., 2006 The
conserved regions of the 16S gene are of paramount importance as they are widely
used today as higher taxa identifiers and as consensus markers for microbial
assessments using each technique outlined in section 2.4.2. The variable regions are

capableof identifying closelyrelated specie@Rudi et al., 200)

These analyses remain the standard for culture independent microbiological
techniques and their accuracy is highly dependent on primer dkdicéworth et

al., 2013. The widelyused 16S/18S rDNA databases inclgd8iLVA (Pruesse et

al., 2007, greengenefDeSantis et a1.2009 and RDP ll(Cole et al., 200)f come

from PCR amplification assaysh& authors of one particular studyeealuated

their own results using the Global Ocean Sampling (GOS) database, which consists
of 6.3 billion base pairs (bp) of Sanger sequence r@udsch et al., 20QAvith
additional samples taken from the Atlantic and Indian Océ#nsseph et al.,
2010. The authors reported that even the commaoskd primers exhibit big
differences in coverage of the phylum spectrum and they recomm@rsietD
primers as broad range primers. This is out of 175 primers and 512 primer pairs
examinedKlindworth et al., 20138

The Earth Microbiome Project higp://www.earthmicrobiome.orp/ is a
collaborative effort to comparatively analyse and seek out universal primers for
genes akin to the 36rRNA gene in terms of conserved and common genes. From
this work, certain universal sets of primers have been estab(Slapdraso et al.,
2012 but bias is introduced because of the information thatssicted to the

sequence between priméghou et al., 2016

2.4.3.1 Sanger sequencing to NGS

The use of hosomal RNA genes along with Sanger sequencing propelled the field
of microbial ecology and microorganism identification and classification to where

it is today. Sanger sequencif§anger et al., 19F4s a technique whereby dye
labelled normal deoxynucleotides (ANTPS) are mixed with dideoagified
dNTPs followed by a PCR reaction. During elongation, some of the strands take up
a dideoxydNTP and terminate the process. The strands subsequently sepdrat

on a gel where the terminal base label is determined for each strand by laser
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excitation and emission resulioodwin et al., 2016 It is currently capable of
attaining up to 96 sequences per run with approximately a 650 bp in length. That
may by enough for phylogenetic marker analysis but NGS platform technologies
can generate rions of DNA molecule sequences in parallel of various lengths and
yields (EscobatZepeda et al., 20)5

Many innovations originating in the above instrumentation from Sanger sequencing
paved the way for the Human Genome Proj®tardis, 2013, and ultimately this
stimulated the development and commercialisation of @S Dijk et al., 2011

It was only in the mieR00Os that the cost of human genome sequencing began to
decline with the release of the Humamr®me Project. This lead to ideas for
understanding genome complexit@getterstrand, 2006 including the ability to

use read lengths the size of some full genof@e®dwin et al., 2016 Although

NGS technologies can result in a large amount of data, the error rates are higher and
theread lengths tend to be shorter than had previously been the case when using

traditional Sanger sequencing.

The pioneering technology for the development of NGS was thesdddencing
platform or Apyrosequencingo. Tebtides met ho
additions whereby the pyrophosphate (PPi) becomes luminescent when freed from

the DNA polymerisation reaction. A micwell plate containing millions of wells

with different DNA fragments emits light that is read by a machine and interpreted

into nucleotide sequences along with base quality values. Its primary bias is the

long homopolymeric regions generating artificial insertions and deletions, now

rendering it obsolet@Margulies et al., 20Q%scobaiZepeda et al., 20)5

Amplicon software has beettesigned and developddr both Sanger and 454
ribosomal pyrotagsincluding Mothur(Schloss et al., 2009Quime (Caporaso et

al., 2010, MEGAN (Huson and Weber, 201and CARMA (Krause et al., 2008

In recent years, the metagenomics software considers short sequences similar to

lllumina reads or else much longer PacBio rd&dsobaiZepeda et al., 20)5

454 sequencing technology is analogous to the lon Torrent platform in that a similar
yield and fragment length is produced within the middle stage of the sequencing
run. It was the first NGS technology that did not utilise optical sensing, and instead

it relied on semconductor technolog{Rothberg et al., 20}11t is hailed as the

49



Chapter 2

smallest potentiometer in existence as it can detgpbténtial changes with the
release of a proton once a new nucleotide joins thewaamtcurring in each micro

well (Rothberg et al., 20)1lts maximum yield is approximately 500 million reads

of up to 400 bp fragment lengtfSlenn, 2014 lon Torrent sequencing carries the
added financial benefit of costing only one tenth as much as 454 sequencing
(Whiteley et al., 201R

2.4.3.2 lllumina sequencing platform

lllumina technology has fast become one of the most popular sequencing choices
because of its high yieland low costwhich facilitates multiple lines of research

The principe of Illumina technology is theynthesisof DNA fragments, with
fluorescentlylabelled nucleotides underigg reversibletermination sequencing. It
involves flow cell technology wheby DNA fragments are attached and distributed
followed by the addition of a labelled nucleotide. A laser then excites this
fluorescent molecule in order to agla signal to the machine. Subsequently the
fluorophore is detached and the next nucleotidmdsrporated as befor@ an
amplification manner k n dohe DNAar®lecilds mare d g e
capable of being sequenced from one or both ends creating single -engbair
sequencing of up to 300 bp read lengtBsennett, 2004Metzker, 201). Because

it accounts for the most outputs among this second generation sequencing
technology, it is also capabté multiplexing hundreds of sampléSlenn, D14).
lllumina technology, and particularly 16S rRNA profiling from DNA samples, has
been applied to a wide variety of environments, including AD systems.

One particular concern in this age of sequencing is whether the biological results
and final conclusions from one platform are consistent with other platforms. One
study has reported consistent biological conclusions across sequenced amplicon
regions for llumina HiSeq2000 and MiSeq syste(aporaso et al., 20LZFurther
studies would be beneficial to test this question of sequencing consistency to ensure
the validity of scientific results and conclusionatthave been drawn thus far and

into the future.

Third generation sequencing technologies are currently in ongoing development, as

attempts are made to reduce or eliminate the issues caused by tioéfgadeither
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read length, yield or cost. Presentihere are two technologies which are giving
cause for optimism. PacBio RS from Pacific Bioscigfi@éehot and Norman, 20}3

and the Oxford Nanopoil&asianowicz et al., 199@re single molecule, reime
technologies that have reduced the bias caused by amplification and the short
fragment length issue, as well as improving the time and cost problems. The
disadvantag to these technologies lies in the error rates that are generated in
comparison with the other platforms, but this can be alleviated provided that the
sequencing is deep enough. Both of these sequencing generations are more time
efficient due to the absea of DNA cloning vectors of bacterial hosts requirements,
which both simplifies the library preparation and also reduces DNA contamination
that can be picked up from foreign organisms that are not part of th Saadpar
Zepeda et al., 20)5

From this section and the previous sec{gummarisedh Table 2.1)it is clear that
NGS has evolved to a level in fundamental scientific research whereby it is also
capable of translational research across many biological fields to enable the better

understanding of environments, health and diseéaseDijk et al., 2011

Table 2.1 Specifications of NGS technologies adapted from several publications
(Buermans and den Dunnen, 20%4n Dijk et al., 2014EscobatZepeda et al., Z®,
Goodwin et al., 2016

Platform Read length (bp) Reads Runtime Error rate (%)
454/Pyrosequencing 1200 200000 20 h 1
lon Torrent 200400 4 million 4h ~1
[llumina MiSeq 2x 300 25million  65h ~0.1
[llumina HiSeq 2x100 3bilion 12 days ~0.1

2.4.3.2.1 Active community insights

Active communities generally contain more 16S rRNA than starved or dead cells.
RNA is less stable than DNA because of its shorter lifefMowitsky, 1986, which
demonstrates that it is representative of the active section within a &@iplisch

et al., 2012 This has led to more-depth analysis of the microbes that are actively
involved in AD (Ito et al., 2012Zakrzewski et al., 20)2and can be expanded to
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microbial community analysis under different environmental conditions/stresses
(Chapter 6)Generally speaking, the use of rRNA can be more representative than
DNA and these are the reasons why the cDNA of granular communities was
examined and investigated in Chapters 5 and 6.

However, similar to all techniques, RN#ased methods have their limitats.

has been suggested that RNA work undergoes identical biases to DNANoaik

et al., 2002aGriffiths et al., 2003aGriffiths et al., 2003pHoshino and Matsumoto,
2007. RNA-Sequencing / whole transcriptome shotgun sequencing identifies the
presence and quantities of RNA within biological samples by using NGS. This
metod enables the monitoring of a changing transcriptome over time as a gene
expression investigatio(Morin et al., 2008Chu and Corey, 2012Nang et al.,
2009h. There have been many published opinions promoting either DNA or RNA
work but this thesis aimed to investigate community structures and compare the

active with the potential communities (Chapter 5).

2.4.4 Sequencing data and statistical analyses

2.4.4.1 Sequencing data analysis

Despite thesubstantiabdvantages ithe novel microbid community discoveries

that NGSechnologies furnishcientistawvith, they also presemreat computational
challenges. These very powerful second and thingiggion sequencing platforms
generate large datasets which demand higher and more complex levels of
bioinformatics as well as vast amounts of storage and computational power and
speed within computeig.ogares et al., 20)2For example, a single run with the
[llumina HiSeg2500 is capable of generating as much as 600 Gigabases of data
(Scholz et al.2012 requiring approximately 0.6 Terabytes of disk sp@akenn,

2011, Logares et al.,, 2032 High-end servers and UNIX operative system

knowledge and training are also requi(BdcobaiZepeda et al., 2015

Although increased computer space requirements may surpasscequpotas,
preprocessed data are capable of successful analysis on personal computers
(Logares et al., 20)2Subsequently, statistical analysis is used on most personal
computers using R software for examglleeam, 2015 Multivariate statistical
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analysis has become increasingly important for microbial community studies

regarding the environme(Mouser et al., 2005

2.4.4.2 Alpha diversity
Almost sixty years ago species diversity analysis was divided into three categories:

al pha (U), beta (b)(Whitakdr, 18§69 mmBo t(ho ) U da e r

diversity are designated as inventory divergityrasinski et al., ZB) and have the
same characteristi¢ghang et al., 2004 Both of the following formulae have been
used as a definition of di est20Dn1gS HU

+

rRNA gene microbi al ecol ogy studies gene

relating commurty organisation between different sampesmos et al., 2001 U
diversity within a community is described based on species richness, species
evenness (abundances) or by indices which coeenboth variabled.ozupone and
Knight, 2003. Types of U anal ysi s h arefatioh e en
curves (qualitative) as well as Simps@impson, 1949 and ShannoriShannon

and Weaver, 194dliversity indices (quantitative) (Chapter 6). This allows a good
estimation of phylogenetic relationships among single microorganisms to be
extrapol ated and gener at(kogupone and Kaight, e r
2008.

2.4.4.3 Beta diversity

b diversity represents difference speciedetween communitieandb research

has increaseth recent yeargAnderson et al., 2011Sfenthourakis and Panitsa,
2012 de Juan et al.,®&3. Patterns of ditribution have been placed under
ecological scrutiny and ideas as to how to conserve diversity under environmental
changes have become a topic of inte(d&tlo et al., 2009Wang et al., 2009a
Meynard et al.2011). b diversity investigations
communities and allow researchers to infer how they change oveflLionepone

and Knight, 2008

Divergencebased measures are more reliable than spbas=d measures because
the later relies on a poorlynderstood species concept but is capable of evaluating
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whether similar environments contain the same spgdleguez et al., 20Q5

Lozupone and Knight, 2008Divergencebased measures have often been applied

to b diversity to determine whether t w
significantly different, including the Phylogenetic test (P test). The P test
determines significance between two communities whiehrandomly distributed

over a phylogenetic treg@artin, 2003 and is therefore subject to errors imposed

from a single tree topology.ozupone and Knight, 2008

Multiple statisticallyequivalent phylogenetic trees have bypassed this issue by

using bootstrapping ddayesian phylogenetic methods to create a more powerful

and robust tesfJones and Martin, 2006Var yi ng b di versity mea
required depending on either significant differences between communities or
distances between pairs of communities, which can require the use of multivariate
statistical techniques such as ordinations or clustefliogupone and Knight,

2008. b diversity analyses often involve
Analysis (GCA) plots, bar plots, cluster trees (Chapter 6) and PERMANOVA

statistical analysis.

Different views have been expressed as to which type of diversity should be
prioritised. Some recommend U diversity
that both work agether(Jost, 2007 Chiarucci et al., 201Meynard et al., 2011
Zhangetal, 204 U diversity tends to be essent
environments with strond i f f usi on sipessityiisensore aracidl inb  d
heterogeneoudriven communities that contain wedKfusion specie¢Crist and

Veech, 2006Chiarucci et al., 20001t has been suggested that environments can

be compared adequately between samples accordingctohiail diversity even

with a relatively low sequencing effoftemos et al., 2001 There has been a
widespread development in the area of species diversity measurements and analysis
and ths has been crucial to the understanding of ecological properties within
microbial communitiegKoleff et al., 2003 Magurran, 2004 There is no single

answer that can determiradl hypotheses and questions surrounding microbial
diversity so a multviewing approach is necessary to build up a whole picture of

an environmental communifozupone and Knight, 2008
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2.4.5 Quantitative microbial ecology

In sections 2.4.2, 2.4.3 and 2.4.4, the techniques described were generally
qualitative or semquantitativeThe 16S rRNA gene iniversally conservedith

a reasonably constant evolutionary rate and at least one copy of it is contained
within the genomé€Gray et al., 1999Acinas et al., 2004 The gene is suitable for
bioinformatics analysis because approximately 1,600 bp make up the gene also
allowing for phylogenetic discrimin@in of prokaryotegVan ce Peer et al., 1996
Prosser, 2002 Once species have been identified using a sequencing method, the
number of species can be subsequently quantified using primers applicable to
specific microorgarsims or groups of microorganisms from various environmental

samples.

General and functional primers are both used as quantification tools to discern the
abundance of a particular class, order, family etc. or functional parameter within an
environmental sapie. Primer choice is crucial to ensuring the highest coverage of
species and taxa possible. Otherwise there will likely be underestimation or even
complete neglect of certain speci@®n Wintzingerode et al., 199Kanagawa,

2003. Even though there i s noArchaeaurtliee ct 0
research into primer design and validation is requfkdohdworth et al., 2018

Many expennents have failed due, in part, to improper selection or design of

primerprobe set¢Lim et al., 201}

Even though qualitative analysis of microbial diversity is informative, quantitative
data provides more applicable dadaspecies development and growth, which can
lead to more insight into bioreactor procesqvig et al., 2005 For example, this
absolute quantification is required in order to evaluate the biokinetics and growth

of specific microorganism@hn et al., 2004(Chapter 3).

Realtime quantitative polymerase chain reaction (QPCR) is another cultivation
independent method. This uses certain fluorescent reporter molecules to monitor
and quantify amplification productster each PCR cycle. This method removes
the necessity of gel electrophoresis for product detection and eliminates the
requirement to use either Southern blotting or sequencing techniques to identify
each amplicon sample. Its simplicity, sensitivity amdh throughput capacity
means that qPCR is ideal for the detection and comparison of nucleic acid levels

55



Chapter 2

(Bustin et al., 2006 This method can detect even a few copies@action(Khot
and Fredricks, 200%nd its linear quantification ability can exceed eight orders of
magnitudgSong et al., 2000

It has become increasingly commonplace in environmental microbial ecology to
detect and target either specific species or groups of species such as the genera
NitrosomonasndNitrospira for example(Lim et al., 2008 and this is among the

best and most robust methods for gene amplification across many biological
disciplines(Suzuki et al., 2000rakai and Horikoshi, 20Q&lein, 2002 Schena et

al., 2004 Hori et al., 2006 When growing pure culturegrowth yields and
doubling times can benonitored by using quantitative data from the gqPCR
methodology. gPCR technology can be confidently applied to questions
surrounding strains or sequences which have previously been analysed and
described. Otherwise gPCR data needs to be linked with other molecwasitobl

as fingerprinting, clone libraries or FISH as described in section 2.4.2 to enhance
information gathered on community structure complex{tié® et al., 201). The

level of sensitivitycan go down as far as the gemxpression within a single cell.
Other methods have proved to be less flexible than gR@ pastThese include

Northern blot andh situ hybridisation for examplé-reeman et al., 1999

gPCRachievesdts aim of quantificationby incorporatingseveral steps. The first
part involves extracting DNA from the sample(s) and this is followed by the
development of quantification assays assays employs DNA binding dye such
as the fluorescent SYBR green or a mgpecific assay involving a quencher and a
fluorescent reporfGoel et al., 2006such as TagMan. The TagMan assay involves
two primers and one fluoseent dualabelled probe which has both reporter and
guencher dyes. There are two biodhemical
30 exonucl e  d3meolymerase and (b)ythe duorescence resonance
energy transfer which occurs between the quencher and re(@itdietti et al.,
2001). The SYBR Green assay is less specific as it does not require algexthe.

a standard curve is generated édherassay. Possible contamination and control
of inhibitors needto be addressed so that any suspect reseli®moved from the
analysis. Te final stages data analysisA distinctive advantagef gPCRis thatit

can be used to quantify bacteria which are essentially impossible to ¢Wérg

et al., 2008
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Realtime PCR studies have used many different primers and probes for
methanogen quantificatiaiMcSweeney et al., 1998denyo et al., 199&Krause

et al., 1999 Tajima et al., 2001Nadkarni et al., 20Q2uwerkerk et al., 2002
Sawayama et al., 20p4The first report on the development of seven priprebe

sets was published for metimyens found in engineered systems including the
Archaeadomain, ordespecific primers foMethanosarcinales, Methanococcales
Methanobacteriales, Methanomicrobialesd familyspecific primers targeting
Methanosarcinaceaand Methanosaetaceagru et al.,, 2005 This method has
been employed for many anaerobic digestanmaoinity structure studies. For
exampleMethanoculleusp. was found to be dominant in a thermophilic anaerobic
digester using gPCRHori et al., 200% The groupspecific primers listed above
have been implemented in methanogen quantification within anaerobic digesters.

A SYBR green | gPCR assay capable of quantifying total gene numbers of the
methyl coenzyme M reductasebunit was created by a group along with TagMan
probes targeting nine different methanogenic phylogenetic groups both from
anaerobic digesters and acidipeat samples. Species from within
Methanosaetaceae, Methanosarcina, Methanobacteriaceae and
Methanocorpusculacedamilies and from the Fen cluster were dete¢&tdinberg

and Regan, 2009

Since this technique is so sensitieeany DNA ontamination, it can seriously
undermine the resulting dataetecting pathogens using traditional gruint PCR

had problems, which the gPCR methodology was able to overcome. Negative
controls are generally used with this technique to make sure thauangstence
signal which was seen was an indication of PCR amplification of the template DNA
rather than other components of the PCR mixture. A stlyrted thathe TagMan

probe was used in conjunction with gPCR to detect pathogens throughout their
different stages of wastewater treatment. This group did suggest that pure genomic
DNA from wastewater was extremely difficult to find and the gPCR experiments
were timeconsuming with regard to sap. However, qPCR is faster and more
specific than culturdased methodslhis demonstratea big potential for gPCR to

be used specificalljor detecting pathogens within wastewa8hannon et al.,
2007).
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gPCR experiments do have limitations due to both teahrand biological
inconsistencieand thereforehere is a significant chance of erbming introduced

into these experiments. An accurate design is crucial. One study suggested that the
most successful way of increasing the validity of gPCR trials is to use more
independent replicates of a biologicature which have been randomly picked
from every subpopulatio(Kitchen et al., 2010 More recent work has begun to
connect the population dynamics of methanogenic groups with the various
functions and processes which occur in a l@cge anaerobic treatment facility
(Song et al., 2000 The suitability of g°PCR as a technique for complex community
analysis has yet to be determir{@lmar et al., 2011

In summary, microbial ecology has progressed tremendously over the past number

of decades. It can be concludedtth@olecular methods in ecology need to be

selected on the basis of determining and detecting meaningful ecological insights.
With the vast array of techniqgues at res
answer questions while trying to incorporate rauch precision as possible in

relation to variables such as species abundances, frequencies and identifications is
always a difficult task(Dickie and FitzJohn, 2007 Wherever and whenew

possible, it is usually most desirable to use multiple techniques to attain the best
possible assessment of a microorganism,-auttire or a microbial community

(Bougoure and Cairney, 2008limér etal., 200§.

2.4.6 The 0O600mics Er a

In parallel with the sequencing revolution in microbéglology (Section 2.4.3),
researchers have been able delve deeper into understanding environments at a
Awhol e communityo | evel. This entails | ir
specific metabolic pathways at metagenomic (the study of all genesitcr@bial

system at the DNA level), metatranscriptomic (the study of gene expression in a
microbial community at the RNA level), metaproteomic (the study of proteins
within a community at the protein level) and metabolomic (the profile of
metabolites premnt and their fluxes) levels (Figure 2.8). Together this allows for

the culture independent analysis of entire specific ecosygtéamelsman et al.,

1998.
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Many genomes of previously uncultured microorganisms that are important within
wastewater treatment bioreactors have beerodesed such agandidatus
Accumulibacter phosphat{a polyphosphataccumulater)CandidatusNitrospira

defluvii (a nitrite oxidiser) andCandidatusKuenenia stuttgartiensi@n anammox
bacterium), for example. The complete genomes for eleven methanogenic archaea
which have been isolated from anaerobic sludge are now available. These include
four genomes from Methanosarcinales, three from Methanomicrobiales and four
genomes rbom Methanobacteriales. It has been suggested that these types of
met agenomic studies, integrated with
previously and resulting data generation, provide a deeper understanding of
community interactions and respongesnvironmental changes within ecosystems
(Rodriguez et al., 2015

Metatranscriptomics analyses are required to establish a functional profile of the
microbial sample. One AD study implementing metatranscriptomics analysis
reported expression of enzyrmeacoding transcripts for subate hydrolysis,
acidogenesis and the formation of acetate as well as a large number of archaea
(Zakrzewski et al., 2032 Metaproteomics investigates key enzymes within
important pathways and links these with both genomes andti@tosnic profiles

of microbial communities. However, this method is unable to define which proteins
are in their active form. One such study implemented proteomics to find the link
between protein function and such key metabolic pathways within an amaerob
EGSB reactor treating synthetic glucded wastewatefAbram et al., 2011

Metabolomics examines which ipyoducts e produced by the microbial
community and released into the environment. Metabolomics in AD studies is
challenging due to the sheer number of possible metabolites that can be present or
formed during different operational conditions. To alleviate the lwatkpresented

by this technique, only specific metabolites are monitored to focus on their
underlying mechanism@e Kok et al., 201,3Vanwonterghem et al., 20L4Each
method enables the discovery of important information separ@glyiar-Pulido

et al., 201%

Together, met@mics provide a more comprehensive outlook on the community

being studied. For example, it allows for the discovery of new microbes and new
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pathwaysrelevant to wastewater treatment and AD with a potential to optimise
bioreactors based on these fundamental microorganism-ameta approach
studies. It also has the potential for targeted biomarker development to be used as a
predictive tool for bioreaotr performancgRodriguez et al.2015. Thus, it is
becoming increasingly important to increase the knowledge and insights of
structurefunction microbial interactions in order to better understand AD processes
(Daims et al., 2006

Overall, this combination of metamics allows for the understanding of intricate

and complex systems of communities, like in AD, which have previously been
regarded as O0bl ack b-amice dafa. intolengineegngat i on
applications remain a continuing challenge for researchers. To date, each of the
methods mentioned have been applied to wastewater treatment biotechnologies
except for community or metametabolomics. These methods have primarily
focusedon fundamentabiological information but havéhe potential to progress

onto a systems biology viewf optimising operational procedurder example by
optimising resource recoverfbales and Lee, 20L5Modern systems biology
collates comprehensive datasets and allows for molelayar analyses on whole
systems performances from hitliroughput sequencing technologi@sitano,

2002.
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Figure 2.8: A summary of the main methods involved in determining both community phylogeny and functionalities. Takéviaftaranterghem et al.,
2014.
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2.5 Central concepts of the thesis

2.5.1 Microbial interplay in the acetogenic-methanogenic realm

The basic metabolism of AD is fairly well known but there is still a lot to understand

and discover about the microbes involved in AWeiland, 201 Anaerobic
digesters have been referred to as #fAbl ac
microorganisms involved in AD is still poorly understood. Understanding their
pathways and characteristics will aid in counteracting reactor failure and making

AD more efficient(Malin and llimer, 2008 Chapter 3 aims tanalyse the growth

and metabolic interplay that exists within a select few key microorganisms within

the acetogenic and methanogenics stages of AD.

2.5.2 The individual anaerobic sludge granule i a whole ecosystem

It is widely speculated that systems bigy is the way forward in microbial ecology

in terms of obtaining as -acdumirggecodystemsit he bi
as is possible. Debates have occurred which have discussed the merits of looking at

DNA or cDNA or proteins or metabolites ftite best insight into the workings of

a microbial system. Now, with systems biology, it is generally accepted that all of

these components are needed to obtain the most conclusive and accurate findings

and observations about particular microbial commesitiThe interactions of the

mi crobial community within the environmer
mi crobi al i nteractomeo; this refers to t
the complexity of microbial worlds in a variety of environmeptgsents to

scientistyLarsen et al., 2032

Studies of single cell microbiology which took particular interest in labelling
experiments occurred in the ma®00s. Singleell imaging has been widely used

for cell growth, cell structure, celidsion and biofilm studies. It is the potential of
6omics and whole ecosystem technol ogi es t
oomics era has developed technol ogies fr
to metaproteomics to metabolomics. Thecle give a comparative analysis of

different types of signals according to which genes, proteins or metabolites are
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switched on within cellsTher e are advantages of usi n

generating a plethora of data.

As described previously in seati@.1,anaerobienvironments include soll, lakes,

etc. but these types of communities present difficulties in capturing a true
representative sample due to the size of the field or lake, for example. Sampling
from a particular site will not guarantee tleaich and every species from all of the

trophic groups will be present.

With regard to anaerobic sludge granules, it is speculated that each individual
sample contains microorganisms from the different trophic groups in the AD
process. This implies thataeh granule physically contains a whole entire
community or ecosystem within a spherical granule of approximat8lynin in
diameter. Previous studies have reported the granular ecology and microbial
structure(MacLeod et al., 1990Guiot et al., 1992Chen and Lun, 1993ang,

2000 of these anaerobic granular communities. However, few have tested an
I ndi vidual granule as a fAiwhole ecosystem
high-throuchput phylogenetic testing of what happens to the granular community
structure under a variety of different synthetic environmental stresses. Several
experiments, detailed in Chapters 4, 5 and 6, investigate the individual granule in
terms of its wastewatsource, granular size fraction, granular potential community

structure and granular active community composition.
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Chapter 3 - An investigation into microbial dynamics
and interplay within and between model anaerobic

digestion acetogenic and methanogenic players

Abstract

Anaerobic Digestion (AD) comprises the microbiological breakdown of complex
organic materials in the absence of oxygen to produce biogas, which can be used as
a renewable fuel. However, there is a knowledge gap regarding the microbiology
that underpins thAD process, especially the specific synergies and competitions,

between the individual species involved.

Growth and substrate consumption profiles of pure cultures, armiltares, of
threemodel AD organismsMethanosarcina barkeriAcetobacterium woaoidand
Methanococcus maripaludisvere investigated to determine their interactions
under H-CO, and acetatdeeding at both moderate and low temperatur@s
common mdium was also used for two of terains for this study. Tempor@Hs
and volatile fattyacid (VFA) concentrations in assays were determifoedall
combinations at each growth phadeesults showed that the substratesl
temperaturestrongly influenced the growth rates of each staaid coculture M.
barkerigrew fastesin H>-CO; at 37C (doubling time (dt): 12.440urs) compared
tounderacetate (dt: 34.3dours)or at 15C (dt: 28.25ours) A. woodiigrew fastest
in Hx-CO, at 35C (dt: 17.13hours)compared to at P& in H-CO, (dt: 27.90
hours) andM. maripaludisgrew at an optimumfodt = 32.30 hours in the CP
medium on itpreferredsubstratdH>-CO; as the main energy soureg,37C. Co
cultures ofM. barkeripartnered withA. woodiiandM. barkeripartnered withM.
maripaludis demonstrated the impact of competitions on their pcuéure

counterparts regarding growth and metabolisms.

Future studies will include analyseof individual strais and mixeespecies
consortia by genomics and transcriptomicsand metagenomics and

metatranscriptomics, respectively.
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3.1 Introduction

Anaerobc environments are ubiquitous throughout the planet and scientists have
been working to understand how these communities operate, i.e. how
microorganisms can survive in these extreme atmospheres deprived of oxygen.
Many uses have been found for these namganisms which have been isolated in

various anaerobic environment¥he microorganisms involved undergo AD.

Different trophic groups of organisms are implemented at each step: hydrolysers
for hydrolysis, acidogens for acidogenesis, acetogens for acetogenesis and

methanogens for methanogenesis.

Although tere have been many studies which examined anaerobic degradation by
naturally-occurring complex mixed cultures, there have been relatively few carried
out on the metabolism and growth profiles differences between pure cultures and
co-cultures with a combamtion of defined temperatures, substrates and organisms.
The final two steps of the AD process are crucial to the formation af Which

can be used as a biofuBlomoacetogenesis the process whereby microorganisms
consume RHCOp and produce acetate.

4H, + 2CQ MHCHCOO + H* + 2H,0 & & -95 kJ/mol

The homoacetoger\cetobacteriumwoodii (A. woodi) can readily utilise an
important substrate to methanogenesisCl, it has a relatively fast doubling
time of several hours in comparison to other acetogens with doubling times in the
region of days, and its fundamental biochemistry has been widely studied since its
discovery(Balch et al., 197,7Fuchs, 1986Ljungdahl, 1986Wood et al., 1986
Heise et al., 198%/an Lier et al., 2008

The methanogen,Methanosarcina barkeri (M. barkeri)generally consumes
acetate and forms GHand it has been reported to be an important microorganism
due to the extensive range of anaerobic environments which it inhHbiss
considered the most metabolicatliverse methanogen, making it an attractive pure
culture mode(Stadtman, 1967eikus, 1977Weimer and Zeikus, 1978b

(1) CHsCOOH Yi+C& o & & -36 kJ/mol

(2) CO+4HY CaH 2H:0 q3° & -131 kJ/mol
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Studies have reported faster growth RGO, than on acetat@erguson and Mah,
1983. Prolonged acetate adaptation is requiredMfobarkerito use acetate as an
energy sourcéWeimer and Zeikus, 19788 inter and Wolfe, 1979 Its optimal
growth temperature is 37°@unow et al., 196) and few studies have examined it
incubated at subptimal temperature@Vestermann et al., 198&unnigle et al.,
2013.

The hydrogenotrophic methanogéfethanococcus maripaludis (M. maripaludis)
produces Chklby consuming HCO:. It is also a good methanogenic model which
has been utilised for many genetic and biochemical studies due tst itotdling

time and its previously characterised nutritidones et al., 1983I6soyal et al.,
2016. Therefore, the key substrates involved in the terminal two stages of AD are
acetate and HCO; (Figure 3.1). Homoacetogens and methanogens are known to
compete for available Hn anaerobienvironmentgLovley and Klug, 1988 H.

is a rapidly turnedver intermediate within AD of organic matter, resulting in
occurrences of {at extremely low partial pressure of just a few pascals
(Westermann, 199 Conrad, 1996Conrad, 1999

In summary, these three microorganisms were chosen beabaydsad their entire
genomes previously sequeed (Hendrickson et al., 2004Maeder et al., 2006
Poehlein et al., 20)2nd they are each important species that have been found in

AD bioreactors.
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Complex organic matter
[carbohydrates, proteins, fats)

Hydralysis

oluble organic molecules
sugars, amino acids, fatty acids

Acidogeness

Volatile fatty acids
Acatogenas|s / \ Acetogenesis

e Acetobacterium woodil 1\‘&.

Homaacelogenesis
- Acetate
b=

yntrophic Acetoclastic
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CH, , CO;

Figure 3.1: AD pathway highlighting the final two stages of acetogenesis and
methanogenesis in the box with the three anaerobic pure cultures studied in this work
placed in their trophic group accordinglythe homoacetogecetobacterium woodithe
hydrogenic methanogéviethanococcus maripaludiand thenethanogeiMethanosarcina
barkeri.

Along with substrate investigations and studies, temperature impacts on anaerobic
microorganisms have become very important in AD research. Anaerobic digesters
usually operate amesophilic temperatures because the microbial communities
function optimally at theses temperatures. In the recent past research has become
heavily involved in advancing the use of ld@mperature wastewater treatment to
optimise the AD process throughobim growth and operational parameters
(Collins et al., 2003Collins et al., 2005Connaughton et al., 20p&IcKeown et

al., 2009aMadden et al., 2004 The advantages of low temperature AD (LtAD)
over mesophilic temperatures include lower energy and financial costs. Most pure
culture data has been obtained under optimal growth conditions but natural
ecosystems are subject to temperature deviations, especially seasonally. By
harnessing information from microorganisms at lower temperatures, metabolic
models can then predict which biofilmommunities are most efficient and

metabolically flexible, without the additional costs associated with mesophilic AD.
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Work from Westermanrt al. has studied kinetic responsesMéthanosarcina

barkeri strain 227 to temperature modulatigiéestermann et al., 1989

LtAD has gained acceptance as a successful method ofrbating wastewater

and producing Clas a biofuel without the need for expensive fuel. Average
temperatures within a bioreactor can be arourf€ End lower during the winter
months. It has also been demonstrated that acetogenesis may have an increased
importance at the process level in cold habitats and can compete with methanogens
for Hz-supplying substratg®lozhevnikova et al., 199Kotsyurbenko et al., 1993
Parshina et al., 1993In fact, homoacetogenesis has been observed to completely
out-compete hydrogenotrophienethanogens in psychrophilic environments
(Conrad et al., 198%Xotsyurbenko et al., 199&chulz and Conrad, 19p6ut, at

the same time, there have also been studies that show hydrogenotrophic
methanogens playing an important role in LtAdcHugh et al., 2004Syutsubo et

al., 2008 McKeown et al., 2009 possibly due to their greater affinity fop than

the homoacetogendotsyurbenko, 2006 It has been widely commented that
chemical and biological reactions perform slower under low temperatures in
comparison to their higher, moderate temperature {&BC) counteparts but that

decay rates are also thereby lo\{eennington, 1908

Although many aspects of anaerobic, acetogenic and methanogenic metabolisms
are now understood, there are still knowledge gaps and open questions regarding
the biochemistry, the bioenergetics and the way they interact with otheespeci

their environment. Axenic cultures have proven crucial to answering the basic and
fundamental questions about what a single organism is capable of through genomics
and transcriptomic studies. Pure cultures are examined in order to avoid the

uncontrolable variables present within natural communities.

Progressing from pure cultures, syntheticcattures have built upon the basic
knowledge with a view to understanding important competitive and syntrophic
relationships. To better understand the metalwalpabilities, axenic pure cultures
were set up with single and paired substrates and compared with a synthetic culture
of two combined pure cultures. A combination of growth and chemical data were
evaluated to gain insight into the synergistic/competisteps taken when pure

cultures are synthetically paired up.
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The aims of this work were to unravel some of the physiological and chemical
interplay amongst and between specific key anaerobic microorganisms present in
the final two stages of AD: acetogeie and methanogenesis. This motivation
stems from the fundamental work of investigating key representative methanogens
and an important homoacetogen which are prevalent within the AD system. These
are noted microorganisms from main trophic groups andsfaecuan important
stress point of acetogenesis within the AD pathway. This work asked some
fundamental questions on specific aspects of pure cultures andtares which

could then integrate the chemical and growth data into the holistic schematics that
are already present. The pure culture studies were divided into three main pieces of

work.

1. M. barkeri (MB) temperature study: It is well known thatM. barkerican
grow chemolithoautotrophically onHvith CO, or heterotrophically on
acetate, the primary batrates required for methanogenesis within many
anaerobic ecosyster{Stadtman, 196Mah et al., 197,/Zeikus, 1977Mah
et al., 1978 Weimer and Zeikus, 1978&inder, 1993. In this study, the
effect of temperature was investigatieg taking measrements aR5°C,
30°C and 37C on acetate and2HCO,.

The primary hypothesis walsatM. barkeriis a flexible organism thdtas

a preference for a substrate independent of temperature.

The centrabuestiorwaswhatmethanogenipathwaydoesM. barkeritake

when grown on an acetate angt€®0, medium at a variety of temperatures

in terms of growth rates and gPCR abundasuabsisting at specific phases.
Additionally, it was asked whetheats growth rates decrease in correlation
with decreasing temperatur@¥estermann et al., 198D

Theobjective in this study was to use chemical analyses to demonstrate how
acetate consumption, Gidroduction and growth ratese generally highest

at 37C and lowest at 2& in the case d¥l. barkeri

2. Methanosarcina barkerii Methanococcus maripaludigMB-MM) co-
culture experiment It has been reported thisk. barkeriand separately,
M. maripaludiscan utilise H-CO, at moderate temperaturé®ones et al.,
19833. As previously mentionedl. barkerican also use acetate. However,

there have been fewer studies on the effect of acetaké. onaripaludis
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(Shieh and Whitman, 198Yang et al., 1992 MB-MM co-culturehasnot
been previously studied according to the literature.
The hypothesis for this piece of work was tiat maripaludiswill out-
competeM. barkeriunderH>-CO, when inco-cultureand acetate will not
be consumed becaukk barkeriis not acetat@adapted
The key questionserewhich microorganismwill out-competehe other in
the coculture and which methanogen will utilize the most4€0, and
grow faster than the other.
The objectives were to demonstrate tigedwth rates and hence cell
concentrations will increase in the competitive emulture in similar
proportions to the respective pure culturestbatM. maripaludiswill out-
competeM. barkeri due to its faster growth rat&his experiment will
analyse the impact of twozHutilising methanogens on each other but also
in comparison to each microorganism as a pure culture.
. M. barkeriT A. woodii (MB-AW) co-culture study: As in study 2 it has
been previously reported thisk barkeriandA. woodiican also utilise b
with CO, (Balch et al.,, 197)¢ Of the twg only M. barkeri has been
demonstrated to utilise acetate according oliterature The pure and co
cultures were separated into studies based on different conditions.
(a) 35°C Hx-COp: The hypothesis for this sap was M. barkeri and A.
woodiigrow synergistically as a pair grown under€Os.
The questions includewhich microorganismnutilisesthe most H-CO;
when in pure culture and comparatively when in @wlture systemit
was also asked whetheoth microorganismsansurvive synergistically
and,if so, whattheir metabolic growth developmenbuld bein terms
of growth and gPCR abundance patterns in both individual pure aulture
and in the ceculture?
Additional to growth profile analyses, thejettive wasto follow the
chemical profiles through the puraltureand ceculture growth phases
so thatseverahspect®f their growth could provide a big picture of how
these organisms grow alone aedpondwith a partner.
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(b) 15°C H-COp: similar hypothesis, questions and research objectives
to (a) except that there is the additional feature of investigating how a
low temperature further impacts on these species.

(c) 35°C acetateThe hypothesis was thit. barkeri outcompets A.
woodiiin an acetateich environment when in a dual culture becalise
woodiiis not a reversible acetogen.

The research questions associated with acetate as the sole substrate
included what the differencewere between growth and chemical
profiles of acetatadaptedM. barkeriin comparison to ncacetate
adaptedM. barkeriand whetheA. woodii will grow on acetate as the
sole substrate either alone or paired wWithbarkeri? Furthermore, it

was asked whampact if any, there would ben each pure cultudes
growth and metabolic profileshen they are partnered

Theresearchaims were to analyse these aspects of growth in real time
at lag, log, stationary and death phases of gaof) culture: OD
readings, qPCR dahumbersVFA concentrations and, acetagas.

(d) 15°C acetatesimilar research questionadhaims tgpart (c), except

with the replacement of moderate temperature with low temperature
stresses on each culture. The additional objective was to determine

if/fnow they survive in a pshrophilic acetatdéimited environment.

For each of the three experiments in this study, either or both acetate-axt H

were used as substrates. Previous studies have demonstrated that acetate accounts

for up to two thirds of the CHproduced within arerobic digester§Weimer and
Zeikus, 1979Zinder, 1993. The ceculture studies (2 and 3) aimed to decipher the

impact or influence of the ecultures on the growth and substrate utilisation in the

individual pure cultures.

In summary, the novelties of this work inde:

examining whether the substrate preferendd.dbarkeriis independent of
temperature.

investigating the competition of a member of tkethanosarcinaceae
family with a member of thdlethanococcaceatamily i M. barkeriand

M. maripaludishave nobeen studied previously according to the literature.
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- identifying the growth impacts of the synergistic pairing of the acetate
adaptedM. barkeriwith the homoacetogeA. woodiii this coculture has

not been studied at low temperature.

3.2 Materials and Methods

3.2.1 Growth conditions and experimental set-up for anaerobic pure
and co-cultures
Methanosarcina barkeiiSchnellen, 194strain MS (DSM 80Q)Acetobacterium

woodii (Balch et al., 197y strain WB1 (DSM 1030)and Methanococcus
maripaludis(Jones et al., 198Batrain JJ (DSM 2067) were purchased from the
Deutsche Sammlung von Mikroorganismen und ZellkultureBSMZ,
Braunschweig, Germany) and grown under strictly anaerobic conditions. All strains
were grown in serum bottles fitted with blue butyl stoppersi¢Beand aluminium
crimp seals with 25 ml of medium per tul#dl media were dispensed undérand

COy; thepH was approximately 7.0 (with filter sterilisedvbHCI).

For the specificbasal medium DSMZ recommended medium 2771, several
temperatures were tested Mr barkerigrowth: 4°C, 15°C, 20°C, 25°C, 30°C and
37°C.It wasfound that from thetemperaturegested the methanogen could grow
sufficiently at 25°C,30°C and 37°C in this specific minimal medium. The basal
medium for theM. barkeritemperature studgonsisted of §ll measurements are
expressedn grams per litre of distilled waterKCl, 0.34, MgCb.6H0, 4.00,
MgSQw.7H20, 3.45, NHCI, 0.25, KHPQy, 0.14, NaCl, 18.00, Trace elements
(nitrilotriacetic acid, 1.50adjused pH to 6.5 with KOH, MgSQi.7H0O, 3.00,
MnSQi.H,O, 0.50, NaCl, 1.00, FeSOH)O, 0.10, CoS@7H;O, 0.18,
CaCb.2H0, 0.10, ZnSQ.7HO, 0.18, CuS@5H,0O, 0.01, KAI(SQ)2.12H0,
0.02, HBOs, 0.01, NaMoO..2H0O, 0.01, NiCh.6H0O, 0.03, NaSeQ5H:0,
0.0003, Naw04.2H0, 0.0004 anddistilled H20, 1000.00 ml, 10.00 ml,
Fe(NH)2(SQy)2.6H.0, 0.002, Neacetate, 1.00, Yeasextract (Oxoid), 2.00,
Trypticase peptone (BD BBL), 2.00, Resazurin, 0.001, distilled water, 1000.00 mi
After autoclaving, NaHCg) 5.00 g, CaCl 2 H20, 0.14, vitamin stock solution
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(Biotin, 2.00 mg, Folic acid, 2.00 mg, PyridoxtfCl, 10.00 mg, Thiamin&iCl.
2H20, 5.00 mg, Riboflavin, 5.00 mg, Nicotinic acid, 5.00 mgCBpantothenate,
5.00 mg, Vitamin B12, 0.10 mg;Aminobenzoic acid, 5.00 mg, Lipoacid, 5.00
mg, Distilled BHO 1000.00 mj 10.00 ml, L-CysteineHCI.H.O, 0.50, and
Na:S.9H0, 0.50solutions were added to the vials-tdd cultures were pressurised
to two atmospheres of 80%: 20% CO; gas mixturelt was a pure culture with

both acetate and2HCO; as substrates.

The basal medium favl. maripaludisandM. barkerigrown individually and as a
co-culturewas as described above for ebarkeritemperature study. It was also

a pure culture with both acetate ang®{, as cesubstrates.

The kasal medium foA. woodiiandM. barkeriwasgrown individually and as a
co-culture containedal measurements are expressedrams per litre of distilled
H20): NH4ClI, 0.30, KPQy, 0.40, NaHP(Q4.2H:0, 0.53, MgC4.6H0, 0.10, NaCl,
0.30, Resazurin, 0.000%ace element stock solution (HCI, 1.8B®3, 0.0618,
MnClz, .06125, FeCl 0.9435, CoCl 0.0645, NiCi, 0.01286, ZnCl 0.0677,
NaOH, 0.4, NgSeQ, 0.0173, NaWOa, 0.0294, NeMoO4, 0.0205 all mixed in
distilled H.O, 1000 m), 1 ml and distilled water, 1000 mAfter autoclaving,
vitamin stock solutia (Biotin, 002, Cyanocobalamjr0.002, PyridoxingHCl, 0.5,
ThiamineHCI, 0.2, Riboflavin, 0.1, Nicotinic acid, 0.2,-Oapantothenate, 0.1,
Vitamin B12, 0.10 mg, fAminobenzoic acid0.1 and distilled KD, 1000 ml),1

ml, CaCb, 1.10, L-CysteineHCI.H-O, 0.50, NaHC@ 4.00 andN&S.9H0, 0.25
stock solutions were addet@ihis medium recipe was kindly shared by the lab of
Caroline Plugge in the University of Waginengin and will henceforth be referred to
as A CP roeittbphic oufiures were prepared with either aesta H>-CO.
Anaerobic aqueous stock solution of acetate (jarepl under By was filter
sterilised by syringenjection to the medium. +fed cultures were pressurised to
two atmospheres of 80%»: 20% CQ gas mixture

All DSMZ cultures were inoculatedto their respective basal medium (Figure 3.2)
within an anaerobic chamber (Coy) containingad the background gas ang dt
Argon as the anaerobic gas. Throughout cultivation, pure culture aodltooe
samples were taken for microscopic observation of purity using a light microscope
(Nikon-Eclipse 600).
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Figure 3.2: Experimental setip of anaerobic pure and-caltures (A) Methanosarcina barketemperature study, (Bjethanosarcina barketfMethanococcus
maripaludisco-culture study and (CMethanosarcinabarkeriAcetobacterium woodito-culture study. Abbreviations MBIM: Methanosarcina barkeri

Methanococcus maripaludiMB-AW: Methanosarcina barketAcetobacterium woodii
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All cultures were grown and stdultured for at least 3 generations prior to
inoculation for these studies of cultures at logarithmic growth. FauttaresM.

barkeri and M. maripaludis as well as forM. barkei and A. woodij in all
conditions tested, 5% of each pure culture at the same OD during log phase was

inoculated into anaerobic hungate tubes containing fresh medium.

For the two final culture experiments in this pure culture stidlyb@rkeriandA.
wodadii pure cultures and ecultures grown on acetate at both°@G5and 18C
separately), M. barkeri was acetatadapted for over 3 months prior to

commencement of experiments.

The growth curves of all culturesere determined in triplicate and subsequently
four time points were chosen to represent the four main phases of growth: lag, log,
stationary and death. Sacrificial vials were set up to take several measurements at
these four phases of growth as described above in the methods section: CH
concentratiorirom the headspace within the vial, duplicate liquid samples for both
DNA extractions (10 ml samples) and VFA analysis (2 ml samffégiire 3.3)
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Sacrificial Vials for each Sampling and
OD growth readings: pure and co-culture: Analysis:

Controls - 1. Pressure F{cadin'gs. _

FE'E!:I: _______}n__T__. — %4 time ':.‘t5 2. Ck |-_
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A woodii=M. barkerd
co=cufture

Figure 3.3: Flow diagram ilustrating the growth and chemical analyses performed for each experiment in the study. The example given is for eiiperiment (
the M. barkerii A. woodii (MB-AW) co-culture study described previously in the Introductisection 3.1) Growth curves are generated from triplicate
cultures ofA. woodii, M. barkerandMB-AW co-culture. Four time points were chosen to represent lag, log, stationary and deathased®n previously
measuregrowth curvesand sacrificial culture vialwere set up for analyses at specific times. At each designated time, sacafigigswere taken and used

to measur@ressureand the concentrations 6H, and VFA,and for nucleic acid extraction followed by gPCR analysis.
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3.2.2 Spectrophotometry

Acetatefed culture tubes were incubated in a horizontal static position and
hydrogenfed cultures were incubated horizontalgpntinuously shaking at 150
rpm (Gyrotory water bath shaker, Model G76, New Brunswick Scientific, kJ.)
order to promotéhydrogensubstrate diffusion of the gas mixturgo the pure
culture or ceculture mediumTubes were vigorously shaken prior to optical density
measurements. Growth was measured as the optical density atr6Q0Ds00)
(Hach Odyssey DR/2500 scannsyectrophotometer); the optical path width (i.e.,
the culture tubeds diameter) was 22.5
reference negative control for grw measurements. The results were
representative dfriplicate experimentsDoubling times andyrowth curves were
calculated using the least square fitting exponential mefiéeisstein, 2016

where each data point is weighted equally.

3.2.3 VFA and methane profiling

Samples were taken from each individual anecaibure at the four phases of
growth (lag, log, stationary and deptbr chemical and gaseous profiling. VFAs
were measured in the Varian Saturn 2000 gas chromatographer/mass spectrometer,
with a Combi PAL auto sampler (Varian Inc., Walnut Creek, CA)Varian
Capillary column, CRNAX 58 (FFAP) CB (25 m length x 0.32 mmdi x 0.2 pm

film thickness, carried out separation of acids. 1 ml was injected at 250°C at a flow
rate of 1ml/min. Helium was supplied as tharder gas. The method used was
60°C (0.1 min) to 110°C f00.2 min at a rate of 30°C/min followed kg 0°C to
200°C (2 min) at a rate of 10°C/min. An FID was used and VFAs were identified
via assigning chromatographic retention times and spectra to the relevant
compounds (acetic acid, propionic acid and butyric acid). Standard VFA calibration
curves were used faomparison of relative VFA concentrations in culture medium
and they were expressed as mgThe internal standard used wag&tylbutyric

acid.

CHas concentrations were analysed using the Vagas chromatograph (Varian
3800, Agilent Technologies) comtted to a hydrogen generator (Whatmah).

standard curve was generated using different percentages Ghuri®ample 1als
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were shaken and gas from the headspace was remov@tifa@alculations using

a sterile needle and syringe.

3.2.4 DNA extractions from cultures

All culturesamplesit 10ml volumeg were collected in falcon tubes and cells were
harvested via centrifugation (Eppendbi€entrifuge 5810) for 5 miat 4,000 rpm

at 4°C, followed by decantatiarf the supernatant liquid. Uplicate samm@s were
snap frozen for storage-®0°C. Total genomic DNA was extracted fraine 10 ml
culture samples obtained at each growth phase. Each sample pellet was resuspended
in lysis buffer containing a chaotropic agent and detergent. DNA extraction was
perfamed with the Maxwell® 16 automated syste(Rromega). Nucleic acids
boundto magnetised silica particles. Purified DNA was eluted with 200 ul of
elution buffer DNA sample concentrations were measured on the Qubit
fluorometer (Invitrogenandsamples werstoredat-20°C for further analysis.

3.2.5 Quantitative polymerase chain reaction analyses

Realtime PCR (qPCR) analysis was performed using a LightCycler 480 instrument
(Roche, Mannheim, Germangipdusing a universal primer and probe teetarget

the 16S rRNA gene withiA. woodiiand two methanogenic ordspecific primer

and probe setdMethanosarcinale$MSC) primers were useld targetM. barkeri

and MethanococcalefMCC) primers were usetb targetM. maripaludis as
previously describedYu et al., 200h The LightCycler 480 Probe Master kit
(Roche Diagnostics) was used to prepare 2@adtion mixtures containir@jul of
PCRgrade water, 1 ul of each primewvith afinal concentratiorof 10 mM), 1 ul

of TagMan probe With afinal concentratiomf 10 mM), 10 pl of 2x LightCycler®

480 Probes Master, and 5 pl of template DNA. The thermal cycling program used
for eachof the primer and probe satsed comprised of several steps, including
pre-denaturation at 94°C for 10 min5 4ycles of denaturation at 95f@ 10 s and
simultaneous annealing and extension at 60°C for 8l samples were analysed

in duplicate.

114



Chapter 3

Standard curves were construct¥d et al., 200pusing representative strains: 16S
rRNA gene(Thiobacillus denitrificansstran ME16 16S ribosomal RNA gene,
partial sequence: 99% ACCESSION EU546130
(AATTTTGGACAATGGGGGCAACCCTGATCCAGCCATTCCGCGTGAGT
GAAGAAGGCCTTCGGGTTGTAAAGCTCTTTCAGCTGGAACGAAACGGT
ACGCGCTAACATCGTGTGCTAATGACGGTACCGGCAGAAGAAGCACC
GGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCGAGCGTT
AATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGATTGTTAAGCA
AGACGTGAAAGCCCCGGGAOTAACCTGGGAATGGCGTTTTGAACTGGT
AGTCTAGAGTGCGTCAGAGGGGGGTGGAATTCCACGTGTAGCAGTGA
AATGCGTAGAGATGTGGAGGAACACCGATGGCGAAGGCAGCCCCCTG
GGATGACACTGACGCTCATGTACGAAAGCGTGGGTAGCAAACAGGAT
TAGATACCCTGGTAGTCA), MSC (Methanosarcina acetivoran€2A DSM
2834 andMCC (Methanocacus voltaePS; DSM 153Y.

Using each standard listed here, afdld dilution series from 10to 10' copies/ pl

was set up and analysis was conducted by qPCR with its analogous primer/probe
set. Standard curves were generated using the data obtainedg®GR in
conjunction with serial dilution copy concentrationBata was normalised
according to the number of copies of 16S rRNA genes in each pure culture genome.
A. woodiicells contained five gene copids, barkerihad three gene copies avd
maripaludis cells had two gene copies in their ceResults werexpressed as cell
abundance per ng DNA based on 16S rRNA gene copies. qPCR growth rates were
calculated based on the slope of the line created using the gPCR data points at each

growth phase.

Standird curves were created by performing a PCR using the primers 338F and
805R for the 16S bacterial SPICR reactions were carried out on a GenDX Kyratec
SuperCycler Trinity (Medical Supply Company). This PCR assay master mix
consisted olL5 pl of PCRgrade nucleasdree water, 0.5 of eachprimer (with a

final concentration of 10 M), 0.125ul of Tagpolymerase (Fisher), 2|8 of buffer

(10X Tagbuffer B), 5 ul of MgCl2 (with a final concentration of 25 mM), OB of
dNTPs (with a final concentratiasf 10 mM of each) and fil of template DNA.

The thermal cycling program used comprised of sd\seps: pre&enaturation at

95°C for 1 min, 30 cycles of denaturation at 95°C for 15 s, annealing at 57°C for
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15 s and extension at T2for 10 s followed bytte final elongation at 72°C for 10

min.

The standardsvere cloned into pCR!'4 - TOPO vector (Promega, Manheim,
Germany) via chemical transformation of competentoli (One Shot® TOP10)
using the TOPOTA Cloning kit (Invitrogen, Paisley, UK). 10@l of each
transformation was spread ontovarmed selective plates wi#s.0.C. medium.

A selection of positive colonies was picked for PCR subsequently using the reverse
primer 805R and M13F primer to confirm that the inseasthe correct size, as
visualid on an agarose gel. The clones were regrown in LB and kanamycin
overnight at 37°C and sent for Sanger sequencing (Source BioScience, Co.
Waterford).

3.2.6 Statistical analysis

Statistical Package for Social Sciences (SPSS) software (IBM SPSS Statistics
Windows, version 23, IBM Corp., Armonk, N.Y., USA) was used to compute
analysis of variance (ANOVA), Kruskal Wallis H, Mann Whitney or T tests of
significance between pure culture andatdture growth and qPCR rates analyses.
All statistical results wre analysed based on the level of significance, where p <
0.05.

3.3 Results

3.3.1 An examination of the adaptive flexibility within the metabolically
versatile Methanosarcina barkeri (MB temperature study)

The doubling times, growth rates (Table 3.1) and growth curves (Figure-&¥% (A
demonstrated thail. barkerigrew fastest at 3€ and slowest at 26. Statistical

tests revealed that each of the doubling timesMobarkeri grown at all three
temperatures were significantly different from each other (p = 0.000). Similarly, the
gPCR results demonstrated that highest cell abundance per ng of DNA based on

16S rRNA gene copies of tiethanosarcinalesamily were found at 3TC and
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the lowest numbers in the triplicate cultures grown were found’@t &each time
point (Figure 3.4 (AC)). For the pure cultures at both°€5sand 30C, there was a
two-fold increase in the cell abundance per ng of DNA, froftda®, whereas a
three-fold increase, from f0to 1@, was found in cultures at 3Z. Growth rates
based on the slope of the cell abundance gPCR data profiles were calcufged. 37
cultures had a gPCR growth rate of 0.294, B0°C cultures had a growth rate of
0.246 hit andthe gPCR growth rate for 25 cultures was 0.1932.

Table 3.1: Doubling times (hours) and growth ratedvbfbarkeri

Doubling times (h) Growth rates (h%)
M. barkeri 37°C 12.44 0.0557
M. barkeri 30°C 19.75 0.0351
M. barkeri 25°C 22.66 0.0306

All values are means £SD+3)

The chemical and metabolic profiles (Figure 3.4K) of M. barkeri were
examined at a range of temperatures. The highest consumption of acetic acid
occurred at 37T (from 973 mg/l to 709 mg/l) and the lowest occurrecb&CZfrom

979 mg/l to 759 mg/l). There was a smaller decrease in final acetate consumption
from 3C0°C to 25C (9 mg/l) than from 37C to 30C (35 mg/l). The acetic acid
profiles reported a 27% consumption at@G7a 23.5% consumption at 3and a
22.5% cosumption at 25C.

Statistical tests showed that acetic acid profiles between the three temperatures were
statistically similar (p = 0.498) and the acetic acid concentrations were statistically
different between the growth phases (p = 0.0@3).contrast,propionic acid
profiles between the three temperatures were statistically different (p = 0.000) and
they were statistically similar between the different growth phases (p = 0Lil&8)

the propionic acid statistical tests, butyric acid profiles betwéen three
temperatures were statistically different (p = 0.000) and the butyric acid

concentrations were statistically similar (p = 0.767) betweeqgrihsth phases

The amount of Ckigas(Figure 3.4 (BF)) produced by. barkericorrelated with
an increase in temperature. The highest amount ofp@dtluced was 99@mol at

37°C, 610umol at 3CC and 443umol at 25C.
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3.3.2 The growth response of methanogenic archaea co-culture to
competitive growth (MB-MM co-culture experiment)

To furthe investigate the dynamics of tHexible methanogeny. barkeri it was
grown atits optimal temperature &7°C fed with H>-CO,, and compared t.

maripaludisas individual pure cultures and with maripaludisasa cceculture

From each of the doubling times, growth rates (Table 3.2) and growth curves
(Figure 3.5 (AC)), it was observed th. maripaludishad a faster doubling time

of 5.38 hours thaM. barkeri whose doubling time was 12.44 hours. The doubling
times forM. maiipaludis and theMB-MM co-culture were statistically similar to
each other (p = 0.837) However, there were statistically significant differences
between the doubling times fit. maripaludisandM. barkeri(p = 0.000) as well

as betweem. barkeriand theMB-MM co-culture (p = 0.000).

Results from gPCR assays reported that there wado#d lincrease in cell
abundance per ng of DNA based on 16S rRNA gene copidd.fonaripaludis
(Methanococcalefamily) (10* to 1) overM. barkeri(Methanosarcinalegamily)

(10° to 1) pure culturesThe coculture reported a higher difference in cell
abundance foM. maripaludis(10° to 1¢) and a lower difference favl. barkeri

(10° to 1®) (Figure 3.5 (AC)). qPCR growth rates from the slope of the lines
reportedd.294 hrt for M. barkeriin pure culture and 0.295hwhen in ceculture.

M. maripaludisexhibited a gPCR 16S rRNA cell abundance increase rate of 0.823
hrlin pure culture and 0.79hin co-culture.

Table 3.2: Doubling times (hoursand growth rates favl. barkeri,M. maripaludis
andMB-MM co-culture.

Doubling times (h) Growth rates (h™)

M. barkeri 12.44 0.0557
M. maripaludis 5.38 0.1289
MB-MM 5.49 0.1262

All values are means +SD%3)
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Subsequently, the metabolic and gaseous profiles were investigated at each growth
phase. Acetate was partially consumedMbybarkeri as the concentration was
reduced to 709 mg/There was almost no consumptionNdymaripaludisand there

was less acetate consumption in thecalture than in thé/. barkeripure culture

(the concentration decreased to 880.5 mg/l at the same time point) (Figure 3.5 (D

F)).

Statistical tests werearried out on eetic propionic and butyri@cid profiles of

each culture type. The acetic acid profiles were significantly different between the
three cultures (p = 0.038). However, the acetic acid profiled.ofmaripaludis
compared only with thaiB-MM co-culture reported statistical similarity (p =
0.848).P-values based on growth phase indicateddhatcetic acid profiles were
significantly different (p = 0.001Butyric acidprofiles were significantly different

(p = 0.019) between the three cuéisrand statistically similar betwe#re growth
phases (p = 0.404)he propionic acid profiles were statistically different between
the three cultures (p = 0.000). Statistitests for propionic acigrofiles presented
statistical similarity among all ahe phases (p = 0.754).

CHa profiles demonstrated that both pure cultures produced similar cumulative
amounts of Chklby their death phases: 99&hol for M. barkeriand 999umol for

M. maripaludis Although gPCR assays resulted in a higher yield in the triplicate
co-cultures for the Methanococcalesfamily and a lower yield for the
Methanosarcinalegamily, there was a similar yield of Ghh the coculture (996

pmol) when compared to their respeetipure cultures.
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3.3.3 Synergistic growth effects of a methanogenic archaea-
homoacetogen co-culture (MB-AW co-culture study)

M. barkeriand A. woodiiwere grown both individually and as a-cwolture in a

variety of conditions:

Table 3.3:Doubling times (houdsof A. woodii,M. barkeriandMB-AWco-culture. Results

were an average of triplicate cultures.

H»-CO> Acetate
35°C 15°C 35°C 15°C
A. woodii 17.13 27.9 115.64 155.69
M. barkeri 18.92 28.25 34.34 50.46
MB-AW_co-culture 18.87 28.22 36.93 55.34

All values are means £SID+3)

Table 3.4:Growth rates (hours)of A. woodii,M. barkeriandMB-AW co-culture. Results

were an average of triplicate cultures.

H,-CO; Acetate
35°C 15°C 35°C 15°C
A. woodii 0.0405 0.0248 0.006 0.0137
M. barkeri 0.0357 0.0245 0.0202 0.0045
A. woodii- M. barkeri 0.0367 0.0246 0.0188 0.0125

All values are means £SD+3)

3.3.3.1 M. barkeri and A. woodii metabolic and growth profiling on H>-CO>

at 35°C

The growth results (Tables 3.3 and 3.4) for the conditieftC&,-fed at 35C
indicated thafA. woodiigrows the fastest as a pure culture, with a doubling time of
17.13 hours. When the cultures were paired together, the doubling time of 18.87
hours was slower thaA. woodii alone but slightly faster thakl. barkeri alone
(18.92 hours). Statistical testsosted that the doubling times between the pure
cultures and caultures bore no statistically significant difference (p = 0.139).

gPCR results showed similar increases in growth numbers for both pure cultures
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and the ceculture. They both increased from?10 1 across both the pure cultures
and the ceculture. The ceculture was inoculated with 50% of the inoculum that
each pure culture was inoculated with. Thecatiure cell abundances per ng of
DNA based on respective 16S gene copy numbers of thedadlmicroorganisms
corresponded to approximately 50% of the pure culture 16S rRNA gene numbers.
gPCR gene copy rates were calculated for both pure cultures anddhkuce. For

M. barkeriin pure culturea rate of 0.17 htwas reported based on tlepe of the

line of the gPCR data, compared to a rate of 0.27rhco-culture. Based on 16S
rRNA gene copy numbers and cell abundances, a rate of bv@alsrmeasured for

A. woodiicells in pure culture, which decreased to 0.27vinen in ceculture

The metabolic and gaseous profiles (Figure 34&)of the three cultures showed
that acetate was producedAywoodiito a maximum of 449 mg/l from a theoretical
starting yield of 0 mg/l. There was no acetate included in the basal medium, but
there vas a small quantity of acetate measwaethe beginning othe M. barkeri

pure culture (38.5 mg/l). This small amount of acetate detected depleted over the
course oM. barkerigrowth, and approximately 32.5 mg/l of acetate was remaining
at the final samlng time point (hour 96). For the amulture, there was aslight
increase in acetate production dueAtowoodii growth. Similarly, A. woodid s
cumulative acetic acid increased®f.2%comparedo it in pure culture. Based on
acetic acid profiles, statistical tests triplicate technical replicates confirmtt

there were statistically significant differences between the three culture types (p =
0.000) and no significant differences between the grqutthases (p = 0.248).

Propionic acid and butyric acid were not detected on the-BEA

CHs accumulation was also measured for the three cultures in parallel with the
acetate profile. There was no &letected in theA. woodii cultures at each
sacrificial sampling time point. There were 9080l of accumulated Ckneasured
in M. barkeripure cultures and 532nol of accumulated CiHmeasured in the €o

culture, which was 59% of that measured in the pure cultures.
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3.3.3.2 Growth effects of co-culturing M. barkeri and A. woodii fed with Ho-

CO2 at 15°C

The growth results for the pure cultures and thewture grown on H-CO; at

15°C indicated that, similar to the results above 4C3B. woodiihad a marginally
faster doubling time of 27.9 hours thiah barkeri, which had a doubling time of
28.25 hours, and the @mlture had a doubling time in between both pure cultures
of 28.22 hours (Table 3.3). Statistical tests showed that the doubling tinids for
barkeriandA. woodiipure cultures showed no statistical significe. between each
other (p = 0.993). Cell abundances per ng of DNA based on16S rRNA gene copies
(Figure 3.7 (AC)) were within one log of each other across all sampling time points
for A. woodii (10>-10%. M. b asrMetbanosdrcinalesiormalised gene copy
numbers increased from 3@ 1C within the pure culture but the @uilture only

had a one log difference by the end of its growth. The cell abundances per ng of
DNA of both microorganisms in the -@ulture were approximately 50% of their
respective pureultures. qPCR rates based on the slope of the lines of the gPCR
data were revealed to be 0.08 i the A. woodiipure culture and a higher rate of
0.17 hrt in the coculture.M. barkerd g§PCR rates were 0.13*hin pure culture

and 0.167 htin co-culture.

An examination of the acetate profiles (Figure 3.7HIR showed thaf. woodii
accumulated up to 293 mg/l from lag phase to death pkhdmrkericonsumed a
small amount of acetate (with measurements of 28 mg/l decreased to 18 neg/l). Th
co-culture accumulated about 57% of the acetate concentration by the endof the
woodii pure culture growth. Statistical tests were performed using the acetic acid
data. There were no significant differences in acetic acid profiles between the
cultures(p = 0.344) but there were significant differences between the growth
phases (p = 0.000). Propionic acid and butyric acid were not detected on the VFA
GC.

Gaseous profiles (Figure 3.7 ) showed an absence of £production byA.
woodiias in the prewus study. There was a similar increasing:@attern for both
the pureM. barkeriand the ceculture, with a total CkHlaccumulation of 33amol
and 129umol, respectively. The coulture production equates to 39% of the pure

culture production.
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3.3.3.3 Growth impacts of the M. barkeri and A. woodii co-culture grown

on acetate at 35°C on pure cultures

The growth results for both pure cultures anecuatiure while acetatéeeding at
35°C (Tables 3.3 and 3.4) indicated that oklybarkerican grow substantially on
acetate. Very little growth was observedAowoodiiafter several attempts and the
shortest doubling time calculated was 115.64 hours. AcatitptedM. barkeri
had a doubling time of 34.34 hours as a pure culture and had a doubling time of
36.93 hours when it was paired with woodii.Statistical testeonfirmed thatM.
barkeri and MB-AW co-culture are statistically similar to each other (p = 0.867)
while A. woodiiis significantly different from botiM. barkeri and MB-AW co-
culture (p = 0.000 and p = 0.000, respectively).

The results from gPCR assay&iife 3.8 (AC)) revealed a similar profile for both

M. barkeri alone and when it was paired with woodii except that the cell
abundances per ng of DNA based on 16S rRNA gene copies numbers were
approximately halved when inoculated into-adture in conparison with pure
culture 69% for M. barkeriand 47% forA. woodiiin co-culture compared to their
respective pure cultures). While gPCR assay numberg\.fovoodii remained
within a one log range of ¥0therewas an increase of two orders of magnitirde

cell abundances of thdethanosarcinalesamily, from 1¢ to 1@, in both pure
cultures and ceulture, which were approximately the same as the growth increase
of M. barkeri gPCR rates from the increase in cell abundance per ng of DNA for
M. barkeri were 0.154 ht and 0.124 ht for the pure culture and emlture,
respectivelyA. woodiihad gPCR growth rates of 0.6 and 0.06r! in pure and

co-culture, respectively.

Acetate was consumed (Figure 3.8K) under bothM. barkeriin pure culture and

in co-culturet an initial approximate concentration of 5000 mg/l decreased to 2275
mg/I for M. barkeripure culture and to 2371 mg/| for the-colture. M. barkeri
alone consumed slightly more acetate than inMiB2AW co-culture. The eetic

acid profiles betweeA. woodiiandM. barkerias well as betweeA. woodiiand

the MB-AW co-culture were statistically different (p = 0.000 in both cases). The
acetic acid profiles betwedn. barkeriand the ceculture were statistically similar

(p = 0.243). The acetic acid concentrations among all of the growth phases were
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statistically different (p = 0.000). Propionic acid and butyric acid were not detected
on the VFAGC.

Both types oM. barkericulture showed an accumulationaafetic acidup to 205

mg/l for M. barkeriand 186 mg/| for the eoulture, which equates to 91% of what

was produced in the pure culture), correlating with the measured decreasing acetate
concentrations in Figure 3.8 {Q)). There was no CHdetected in thé\. woodii

pure culture.
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3.3.3.4 M. barkeri and A. woodii growth and chemical profiles grown on
acetate at 15°C

Growth results for the above cultures incubated with acetate@tiddicated that
A. woodii cannot grow on acetate, as expected and as reportedGtirB%he
previous experiment. All doubling times (Table 3.3) were slower than adethte
culturesat 35C. M. barkeri alone had a doubling time of 50.46 hours &hd
barkeri paired withA. woodiigave a doubling time &5.34 hours. Statistical tests
were completed using the triplicate doubling times of each culture and indicated no
statistical signitance betweerM. barkeri and the ceculture (p = 0.888).
Contrastingly A. woodii cultures were significantly different to baduh barkeri(p

= 0.000) and th&B-AW co-culture (p = 0.000).

ThegPCR results revealed an increaskl@thanosarcinalesumbers of two orders

of magnitude over the course of growth in bbthbarkeripure cultures, from 0

to 1, and one order of magnitude when partnered Witwoodij from 16 to 10

(Figure 3.9 (AC)). A.woodibs cel | abundancesitspl8& ng of
rRNA gene copiesemained at approximately 1@PCR growth rates were 0.1 hr

Land 0.094r? for M. barkeripure culture and eoulture respectively. They were

0.03hr! and 0.036r? for A. woodiipure culture and coulture respectively.

Themetabolite and Clprofiles (Figure 3.9 (EF)) were studied and it was found
that acetate was consumedNdybarkerito concentrations of 3182 mg/l in the pure
cultures and 3264 mg/l in the -colture samples. Acetic acid profiles were
significantly simila betweerM. barkeriand theMB-AW co-culture (p = 0.59) but
were significantly different betweeA. woodiiand M. barkeri and betweerA.
woodii and the ceculture (p = 0.000 in both cases). There were significant
differences in the acetic acid profilestlween the growth phases (p = 0.000).
Propionic acid and butyric acid were not detected on the-BEA

As theM. barkeriand coeculture consumed their substrate by approximately 35%,
up to 62.5pumol CHs accumulated in the pure culture, and up to 59ol

accumulated in th®B-AW culture.
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3.4 Discussion

The results and analyses from these studies provide a broader foundation for
understanding some important metabolisms and chemical and growth impacts that

occur both within and between key anaerobic microorganisms in the acetogenic and
methanogenic stages dfet AD process under different environmental conditions.
Recent tools for next generation sequenci
with systems biology models, will be able to deepen the understanding of key AD

microorganisms at the molecular é&v

3.4.1 Temperature impacts on the metabolism and growth of the

flexible methanogen Methanosarcina barkeri (MB temperature study)

Focusing on the growth results from OD measurements and qPCR assays, the
fastest growth and highest cell numbers occurtathd M. barkeriincubation at

37°C and decreased as the temperature decreased. This result was expected since

lower temperature has been shown to slow down or halt g{@etinington, 1908

As amethanogerthat is capable of consuming acejadeetate had the highest
consumption at 3, whereas at Z% there was more acetate remaining, implying
that it will either take the cells longer to consume the acetate because this strain is
not acetatedaptedKrzycki et al., 1982Gokhale et al., 1993r that there are few
viable cells in the cultws. Since this strain 8. barkeripurchased from the DSMZ

was not acetatadapted and since previous studies have reported a higher affinity
for H.-CO, over acetate, it appears that it is quite difficult for the culture to consume
the acetate. This cultet has been described as a metabolic mutant devoid of CO
dehydrogenase activifKrzycki et al., 1982 This experiment is consistent with
another study, which proposed thatbarkericatabolises both acetate angd €D,
mixotrophically (Weimer and Zeikus, 1978bAcetic acid results (section 3.3.1)
suggest that there appears to be less of a difference in cumulative acetate
metabolism between 3G and 25C than there is between 37 and 30C. There

were some small measurable amounts of butyric and propioné abie
guantification limitsfor liquid samplesvere found to be between 0.002 and 0.016

¢ g brithe VFAGC (Saadatet al, 2013. There may have been residual propionic
and butyric acid within the DSMZecommended mediuused in theM. barkeri
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temperature study and in thé barkerii M. maripaludisstudy)or it could have
been below the limit of detection of the VFAC.

From the CHproduction concentrations, the results indicate that the highest CH
accumulation occurs at 3Z (992 pmol), but there is a smaller observable
difference in CHconcentrations between Z5 (443 pumol) and 30C (609 pmol)

at their death phases. This was likely due to the higher conversion of acetaig to CH
as evidenced by the highest concentration decreases of at&&@. Since there

was a difference in the GHaccumulations and similar levels in the VFA
concentrations, this would imply that the £&tcumulated due to different rates of

H>-CO, consumption.

The fact thatM. barkeri grown at 28C and 30C based on growth rates and
chemical profiles were statistically similar could be relevant for decisions on what
temperature is best to run bioreactors, which would have to take into account the
process performance against the financial costs involved.tBethcetate and the
CHasresults also indicate that the VFA and {iofiles are more closely correlated

is between the lower temperatures than as between the higher temperatures. It is
well known that mesophilic bioreactors at°@7perform very well, butiower
temperatures are proving economically viable and succtstftinga et al., 2001

Collins et al., 2003McHugh et al., 2003b If results showed statistically similar

data at 25C and 30C in pilot scale reactorghis could create potential financial
savings by reducing the temperature without losing many operational benefits.
Overall, these results imply that as temperatures decrease the effects of temperature
lessen, i.e. there are greater differences in VFAwmption and CkHproduction
between higher temperatures than between lower temperaturass been
demonstrated that the metabolic flexibility ®. barkeri is independent of

temperature as it can grow at each temperature.
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3.4.2 Competitive methanogenic study demonstrates preferential

growth on co-substrates towards Methanococcus maripaludis (MB-

MM co-culture experiment)

By growing these fcompe tacombina@ooH#E: hanoger
and acetatetheir growth and chemical interactions were monitored at each phase

of their growth as both pure cultures andcetture. This specific caulture has not

been found previously in the literature. It has been reported in the literature that
Methanosarcineeaeare important participants in anaerobic digesters. They have

been found in several AD bioreactor studiéang et al., 201,1Kirkegaard et al.,

2017. Methanococcaleare less apparent in bioreactor studies but they have been

found in granular sludge treating brewery wastewgteret al., 2002

The doubling time oM. maripaludisof 5.38 hours is less than that of the best that
has been reported2.3 hours at 3& (Jones et al., 198Rabut this could be due to

the deparities in temperature differences studied and the different medium that was
used. The fastest doublinghdf barkerireported was 5 hours on a methaaoétate
(Zinder and Mah, 197%nd the doubling time of 12.44 hours reported in this work
was presumably due to medium, substrate and temperature variations as well as it

being a different strain.

The qPCR assays validated that thecaltiure contained 50% of the starting
inoculum d each pure culture. Overall, the results suggestvhabaripaludiscan

grow as well as in the pure culture, if not better, because it maintained
approximately half of its yield at each growth phase (Figure 3.5 (B and C)). It had

an accumulation of cedbundances per ng DNA based on 16S rRNA gene copy
numbers that was one order of magnitude higher than hemaripaludiswas in

the pure culture. Contrastinglyyl. barkeri maintained a yield which was
consistently lower than 50% of 16S rRNA genes than had been quantified when it

was in pure culture. This implies thst. maripaludiswas t he HAwi nner 0

competition.M. barkeriwas also able to grow, but not to the sameretxt

The growth and chemical results indicate that there was partial acetate consumption
in both theM. barkeriand in theMB-MM cultures.This is probablybecauseM.
barkeri can consume both acetate ang WhereadVl. maripaludisuses H as its

primary substrate and it thus less choice for growth and metabdliso.it can be
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presumed tha¥l. barkeridid not benefit from its substrate flexibility because it had

a significantly lower doubling time thai. maripaludishad.There was incomplete
consumption of acetate bW. barkeri perhaps because it was not an acetate
adapted strain and it therefore had a much higher affinity for #@&0J. There was

less consumption in the @ulture (27% in pure culture and 11% in-@adture).

From the gPCR assay results and gPCR rates, it was noted that there was a higher
growth in M. maripaludisand a lower growth irM. barkeri. This observation
indicates that a decreaseNh barkericould account for the lower overall acetate

consumpibn within the ceculture.

ForCHspr oduction, thecplutereoktpresol asdweo
Both pure cultures could utilise the substrates (bet&, and some acetate in the

case oM. barkeriand solely H-CO; for M. maripaludig to produce CH. The ce

culture was able to reach the same level of&idumulatiorbecause it had roughly

half of each of the pure culture cellthere were higher than half of cell numbers

of M. maripaludispresent in the coulture inoculum anthere were less than half

the number oM. barkericells as thereverein their pure cultureandthey both

produced approximately 10Q@nol when in ceculture.

When partnered, they webeth able b grow according to the gPCR and methane
data and it appeared that, becaMksemaripaludishad the faster doubling time, it
followed that it utilised a higher proportion of the-BO.to give a similar doubling
time to the ceculture as was measured fdr maripaludisin pure cultureOverall,

both cultures were able to grow similarly as a pure culture and whercuntcoe.

3.4.3 Characterisation of synergy between Methanosarcina barkeri

and Acetobacterium woodii under various environmental conditions
(MB-AW co-culture study)

Paired substratevestigations were not repeatadthese studiebecause it has
previously beemeportedthat A. woodilfhomoacetogenic bacteria are able to grow
on paired substratastilizing H2/CO, simultaneously with an organgubstrate
(Braun and Gottschalk, 198Rreznak and Blum, 199Peters et al., 1998
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3.4.3.1 M. barkeri and A. woodii growth on H>-CO>

The doubling time ofM. barkeri of approximately 1%hours wassimilar to a

previous study wheree strain 227 exhibited doubling times of between 12 and 24

hours when grown in aCO, complex mediun{Ferguson and Mah, 1983 he

doubling time ofA. woodiipure culture in this set of experiments was 17.13 hours.

The optimal and fastest doubling time reported¥owoodiiwas 6 hour¢Balch et

al., 197jbut the conditions in this study div
some respest For example, the incubation temperature wa€ 36 this study
comparedto3®@ i n Balchds study and this study

growth of both cultures, unl i ke Bal chods

The gPCR assays highlight ed ptofiles.Inall mi | ar i
pure cultures and ecultures, the cell abundances per ng of DNA of otivoodii

andM. barkeriincreased in the range of approximately 1@ (Figure 3.6 (A

C)), and the numbers in the-calture were approximately half of purecul r e s 6

starting numbers. Fa&. woodii,gPCR assays revealed tH&¥o of the original pure

culture was detected in the-calture and foM. barkeri56% of the original pure

culture was present at inoculation. By the final phase, 49% oA tlweoodiiand

54% of theM. barkeripure culture counterparts was detected, which indicates that

both microorganisms followed similar growth patterns in both pure asdloare.

The absence of acetate in the basal medium accounts for its continuous
accumulation fro a starting point of approximately 0 mg/l in tAewoodiipure
culture and the stationary acetate profile forhebarkeripure culture. In the co
culture, the acetate profile increases due to the utilisatigh lyoodiiof H>-CO,

I.e. acetate prodtion. The acetate production in the-cdlture was 45% less than

the amount produced in tihe woodiipure culture. This was likely due to the fact
that theA. woodiistarting inoculum was half of that in the pure culture and that
both cultures are able survive and grow in this pure cultui®ubsequently, there
would presumably have been a decrease in acetate towards the end of (biphasic)
growth due taVl. barkericonsuming the acetate produced by the homoacetogen in
a syntrophic manner but this strain\df barkeriwas not acetatadapted, unlike in
previous ceculture studiegWinter and Wolfe, 1979Vinter and Wolfe, 1980
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There was no detection of either butyric or propionic acid & @ medium
compared to the DSMZecommended medium as used in the previous two studies.
This indicated that there may have been some VFA contamination in the DSMZ
medium that was preparsdch as from glassware or other equipntiegitwas used.

CHs was only produced byl. barkeriand none was detected in thewoodiipure
culture The caculture contained 59% as much £(331umol) as theM. barkeri
pure culture did (902mol). This difference is accounted for by the fact that the
inoculum concentration present in theadture was approximately half of that
present as was in tiv. barkeripure culture growth. Some utilisation By woodii

of H2-CO; did not produce any C+and therefore the cumulative Gldould not
reach 100% of what was produced by the pure culture:

4H, + 2CQ MAcetate and kD p6&°= -95 kJ/mol
(Bertsch and Muller, 2035

In summary, the coulture appears to exhibit similar growth and chemical profiles
to the individual pure culture counterparts, and a synergistic partnership is
demonstrated betwedn. barkeriandA. woodii

Similar growth and chemical profile patterns were observed for both pure cultures
and coculture as at 3%, except that the profiles were lower in all cases. The
doubling times weresignificantly lower between the cultures at the higher and
lower temperatures (p = 0.047). Psychrophilic growtNobarkerihas previously
been reporte@Westermann et al1989 Gunnigle et al., 20)3ut low temperature
growth studies omA. woodiihave not been sourced in the literature. It has been
reported that homoacetogens have been capable of outcompetivanogsns at

low temperaturegConrad et al., 198Kotsyurbenko et al., 1996chulz and
Conrad, 199Band the results in this study demonstrate a faster doubling time for
A. woodiithan forM. barkeri(Table 3.4).

Homoacetogens are more metabolically diverse than hydrogenotrophic
methanogens. Although acetogenesis is favourable at low temperatudes
although it was observed that homoacetogenic bacteria outcompeted methanogens
for Hz (Conrad et al., 198%otsyurbenko et al., 1998lozhevnikova et al., 1994
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Kotsyurbenko et al., 200,LM. barkeri is also as metabolically diverse likke
woodii. The similar growth rates and cell abundance per ng of DNA profiles and
patterns detected (Figure 3.7-()) suggest the conclusion thdt barkerihas a

similar level of potential diversity té&. woodii

Acetate levels (Figure 3.7 (B)) were higher foA. woodiiand remained stationary

for M. barkeriat 15C as predictedThe coculture showed a smaller increase in
acetate concentrations, which is likely due t fdact that the coulture contained

half as much of the starting inoculum as the pure cultures did, but there was 57%

as much acetate production as there was with the pure culture.

CHa levels followed similar patterns as at’@%except that they occurredla lower
level, most likely due to slower growth. There was na @Etumulation for the
homoacetogen, as anticipated, and the @idduction in the caulture was 69%

of what was produced in thd. barkeri pure culture, once again due to the cell
volume of the former being half that of the latter and due to competition from, and

the growth of A. woodii

3.4.3.2 M. barkeri and A. woodii incubation on acetate

The growth and doubling tinse(Tables 3.3 and 3.4) were similar for baéh

barkeri and the ceculture becausé. woodii did not show significant observable

growth according to OD measurements and qPCR results (Figure-&8.(Ahe

M. barkeri growth rate of 0.02hr! was higher than a previous study which

determined that akl. barkeriMS strain had a growth rate of 0.014'iKrzycki et

al., 1982. The growth rate d¥l. barkeriin pure culture fed with acetate was lower

than its counterpart fed with,HCO,. This wa consistent with thegtoichiometries

t he free enébr)gywhcehna nagcee t(agpG was i ntroduc

was-36 kJ/mol compared td31 kJ/mol when HCO; was present.

Acetatelevels were lower in the acetaaelaptedM. barkeri pure culture as the
acetate at 3% was consumed, and levels were almost stationary faX.teodii

pure culture. For the eculture, acetate levels were lower due to tlegible
methanogenM. barkeri This was becaus&. woodiidid not appeato have any
observable growth and, therefore, acetate could not be produced. However, there
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was a small difference in the overall profile in that acetate concentrations were
marginally higher in the coulture than inM. barkeri pure culture. This was

perhaps due to minimal growth of some woodiicells, which was evident by way

of a small increase in qPCR 16S rRNA bacterial gene copy numbers for the pure
culture. The resulting acetate concentrations were not as low as at the death phase

of M. barkeripureculture growth, possibly due to some minimal level&.oivoodii
growth(which causes acetate productiansing out ofM. barkerb s pr oduct i on
CHs and some C®

CHas levelswere similar in theM. barkeripure culture as in the emulture,except
that the final concentrations were slightly lower in thecatiure, perhaps again due
to some minor growth oA. woodiidue to lower production of methane in the
woodii compared to thél. barkeri pure culture This potential growth could be
because afesidual C@production fromM. barkerias previously mentioned. Thus,
any marginalA. woodiigrowth would not be able to produce £#é¢sulting in lower

overall CH, levels.

Similar growth and substrate profiles were detected as when the pure cultures and
co-culture were incubated at 35 except that all profiles were at lower levels due

to the slower growth of microorganisms at low temperatures, as mentioned
previously. Once agaiA. woodii had no observable growth, Bb barkeriand the

co-culture had almost identical profiles.

Just as with the counterpart cultures grown 4€C3acetate was consumed in both
theM. barkeriand the ceculture but a higher acetate concentration wae anore

found at the death phase of theadture growth, implying possible minimal
growth by A. woodii which accumulated a small amount of acetate and thus
accounting for a slightly higher acetate level. This pattern also occurred with respect
to the CH profile. (Figure 3.9).
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3.5 Conclusions

From this study, it has been demonstrated that pure culture work can add valuable
knowledge and insights into how key players in the AD pathway specifically
interact on a fundamental scale. Unquestionabbynmunitybased studies are
important to get a full picture of how the whole system works, but it is only from
pure culture and synthetic-onlture studies that a clear picture can be attained as

to how species adapt and interact with each other in asturized way in particular
circumstances, such as at a specific temperature or with a key substrate. By peeling
away the layers of trophic groups, experimental insights can help to optimise the
way in which microorganisms handle specific environmentatstie

For the M. barkeri temperature study, a decrease in temperature resulted in
decreased growth, as expected. sQbtoduction decreased by 38.5% when
temperature was reduced fronf@30 30C, but it only decreased by 27.3% when

the temperature was redeCfrom 30C to 25C. This implied that there are more
substantial growth and substrate changes at differences of higher temperatures.
Similar findings were demonstrated in the acetate consumption profile analysis
(sections 3.3.1 and 3.4.1). Additionaltsacally robust proof for this preliminary
conclusion will be obtained if similar studies are conducted at further temperature

levels.

For theM. barkeriM. maripaludisexperiment, both species were able to compete

for H-CO.,. Thiscecul t ure i mpacted on the respect
causing the growth and substrate profilesMf barkeri to decrease slightly

compared to the increase M maripaludisprofiles M. maripaludismarginally
out-competedVl. barkerifor growth. As already demonstrateddethanococcaceae

is a very important species within anaerobic bioreactors, and with its capability of

fast growth this data suggests that lower numbers are capable of surviving and
thriving in hydrogerrich anaerobic environmé This experiment represented the

first time this ceculture has been analysed according to the literature.

For theM. barkertA. woodiiH>-CO; study, a direct competition was observed for

the substrate as evident from the Qid-culture profile (Figures 3.6 (F) and 3.7

(F)), but overall, they were both able to grow similarly to their individual pure
cultures. gPCR results reflect this observation where the cell abundances per ng of

140



Chapter 3

DNA in co-culture were half of those in regjize pure cultures at each time point

and the cecultures contained 50% of each starting inoculum when they were in
pure culture. Previous studies have demonstrated a biphasic type of substrate
utilisation in the ceculture, with acetate initially accumating due toA. woodii

growth with acetate subsequently decreasing due to acelapeedM. barkeri
feeding on it after HCO, had been depletdiVinter and Wolfe, 1979Ninter and

Wolfe, 1980.

When acetate was the substrate, acetdégptedV. barkericonsumed it and it was
hypothesised tha. woodiiwould not grow. From the qPCR and metabolic data, it
appeared that there was some marginal amouAt efoodiigrowth where there

were increased acetate concentrations and gPCR cell abundanug®pA based

on thel6S rRNA gene copy numbers. Error bars indicate that there may not have
been any growth because they extend wider than the basal level starting points for
the gPCR data (Figure 3.9 (B)) and the acetic acid data (Figure 3.9 (E)).

Both cultures are capable of growth at low temperatures ungd@4feeding and
acetateadapted M. barkeri could grow under acetafeeding. A deeper
understanding of pure cultures at low temperatures will help to advance the wider
LtAD field and to understanthow microorganisms adapt and survive at low
temperatures within bioreactors. A study which investigates these cultures at a
gradient of low temperatures could give accurate information as to the differences
in metabolic changes over those temperatureghmtould aid and link in with the

current understanding of bioreactor performance.

Overall, temperature did influence each of twmpetitive and/or synergistic
relationships within théhree studiedn all cases the higher temperature resulted in

more gowth and methane production.

Advancing from these experiments, an important subsequent step in understanding

the pure cultures and @ultures examined in this study would be to implement a

suite of 6omics techni quese, inestigatingfhvi de ad
woodii growth under the sole acetate substrate. Under the various combinations of
temperature, substrate and pure culture applied here, samples can be used further

from each growth phase to look at specific genes that are responghidedaivers

under specific environmental changes using genomics, for example. Pure culture
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studies will help to allow more detailed metabolic modelling of synthetic

communities within an AD bioreactor environment.

An additional future direction of thigure culture work would be to build on these
synthetic cecultures with a trculture community. Synthetic biology serves as a
powerful tool in order to create predictive models of microbial communities but
pure culture work significantly add to these datses detailing how

microorganisms interact with each other.
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Chapter 4 - Physical, physiological and phylogenetic
characterisation of individual, and size-resolved ,
anaerobic sludge granules

Abstract

Anaerobic digestion (AD)nvolvescomplex organicompound degradatian the
absence of oxygen to produce biogas, a renewable fusbnte configurations of
engineered AD system8)e process is underpinned by anaerobic granules, which
are selimmobilised, spherical biofilms Anaerobic granules are naturally
occurring spherical biofilms that comprise of microbes from each trophic group
along the AD pathway: hydrolysers, acidogens, acetogens and methanogens.
Anaerobic granules have been widely studied, but rarely at the level of iralividu

granules.

This research investigatesize distributions, physical characteristics, specific
methanogenic activities (SMAahd community structuregrosshreegranule size
fractiors from three upflow anaerobic sludge blanket (UASB) bioreactors tgeatin
different types of wastewatdBased on size distribution, total solids, volatile solids
and SMAs against acetate angt€O;, the results indicated significant differences
between each size fraction but not between sludge types, except with volat#e soli
Smaller granules had higher hydrogenotrophic activity and large granules had

higher acetoclastic activity.

Five individual granules were taken from three size fractions of three different
granular sludge bioreactors. These fdiae individual granués were analysed and
found to have replicated community structures for each set of five granules. 16S
rRNA MiSeq analyses based on the DNA community structure of single individual
granules showed significant differences in the community structure fohtbe t
granule size fractions in two out of the three anaerobic sludges. There were
significant differences studied between the three sources of anaerobic sludge based
on phylogenetic data. These results indicate podséterogeneitgmong different

granule sizes from different sources at the level of a single granule.
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4.1 Introduction

Anaerobic digestion (AD) is muistage process whereby several trophic groups of
microorganisms sequentially break down organic molecules into simpler
molecules. The groups of microbes involved in AD include hydrolysers, acidogens,
acetogens and methanogens. Anaerobic granules are biofilms that spontaneously
occur within digesters and are composed of these complex microbial consortia.
They are exclusivdo anaerobic bioreactors and particularly to the bioreactor
configurations; the Upflow Anaerobic Sludge Blanket (UASB) and the Expanded
Granular Sludge Bed (EGSB) systems that have been developed over the past few
decadegLettinga et al., 1980de Man et al., 19881t is estimated that 80% of
global anaerobic wastewater treatment systems are based on UASB technologies
(Abbasi and Abbasi, 20)2

Anaerobic granular sludge has been studied extensively in respect of granulation
formation(Hulshoff Pol, 1989Thaveesri et al., 19958chmidt and Ahring, 1996
granular ultrastreture (MacLeod et al., 1990Quarmby and Forster, 1995ang,

2000, community structur@to et al., 2012Mei et al., 2016Saunders et al., 20,16
Kirkegaard et al., 2037 community function(Wang et al., 20L0Abram et al.,

2011, Siggins et al., 200)2nd itseffects on reactor performan@hatti et al., 1993
McHugh et al., 2004_ee et al., 2008 Despite the numerous studies and successes
as a bioenergy technology, AD still has mostly undefined microbial communities

with relatively poorlyunderstood dynamiq§Verner et al., 201

There are various theories related to anaerobic sludge granulation and the
development of granules including physical, microbial and thermodynamic
theories, which have each been previously revigidetshoff Pol, 1989Thaveesri

et al., 1995p Among the ecological micradd theories, the general hypothesis is
that methanogens cluster together initially and then acetogens and syntrophic
bacteria grow around the filamentous methanogens, creating a spherical biofilm
core. Subsequently, fermenters, acidogens and hydrogenstraghere as a
syntrophic relationship occurs and they form an exterior layer surrounding the
biofilm. Due to hydrogenotroph extracellular polymer excretion, it remains as an

intact spherical biofilm as the individual trophic groups, and therefore thalgran
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continues to growMacLeod et al., 1990vanderhaegen et al., 1992hn, 200Q
Fang, 200D

Linking with these theories, the purpaxfehis experimentalvork wasto examine

the DNA community structure of five single individual granules from three sources
of biomass source and at three granular size distributions to correlate species with
granule size and source. Further to this, investigations were carried owrtoidet
whether granules had significantly different physical and physiological

characteristics from each other based on size and, separately, based on sludge type.

In this study, granular biomass was sourced from three UASB bioreactors in diverse
companis treating various different types of wastewater: dairy wastewater,-starch
rich wastewater and higbugars wastewater. For each anaerobic sludge sample

granules were separated into three different size fractions.
The primary hypotheses were that:

1. physicalcharacteristics of granules at three different sizes are significantly
different to each other;

2. physical characteristics of the three granular sluddes {o the varietpf
and differencesbetweenthe types of wastewater being treatedare
significantlydifferent to each other;

3. there are significantly different methanogenic activity potentials between
the different sizes and between the three types of anaerobic granular sludge;

4. based on single granules at a specific size, the community structures of
differently-sized granules are significantly different (based on a granulation
theory which suggested that different microbes attach as the biofilm grows);

5. however, the microbial community structure of granules from the same size
fraction are similar;

6. based onsingle granules from different reactors, the phylogenetic
characterisation of granules from different sources are significantly

different from each other
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4.2 Materials and Methods

4.2.1 Biomass sources, particle size distribution and physical
characterisation of granules

Granular sludge was sourced from three different anaerobic wastewater bioreactors.

The first sludge, fABiomass A0, was obtaine
the company was treating wastewater from a sweetener factor§Gat 351 Bi o ma s s
L0 was from Lurgan (ALO), Northern | releé
treating starchiich wastewater at 3€. The average granule diameter was 1.45 mm
(Figure 4.1). The third sludge, iBi omass
biomass obtained from a lazale UASB reactor treatingsgntheticvolatile fatty

acid (VFA) wastewater at 3C. The reactor was operated by Robert Dillon.

Samples of Biomass C were taken from the UASB reactors after 112 days of
operation and from a combination of reactor sampling ports. Previously, Biomass

C was in a fullscale (1500 A), internal circulation (ICh i or eact or at Carb
Milk Products (Ballineen, Co. Cork, Ireland) and was used to treat ethanol
production wastewatdrut the VFA stream was fed into the {atale reactor which

was sampled for this work

For the remainder of the thesis, the sludgiisbe referred to as follows:

1. Avecom (highsugat ed gr aaul es): AA
2. Lurgan: (highstarcti ed gr aoaul es): 0B
3. Carbery and laiscale reactor (VFA ed gr aoeul es): AC

152



Chapter 4

(iii)

Avecom Sugar-fed “A” Lurgan Starch-fed “B”
L J

* Carbery VFA-fed “C”

Y

~ Large =1.2 - 2.0 mm

~ Medium=0.8-1.2 mm

| - Small=0.4-0.8 mm

Figure 4.1: Separation of anaerobic sludge source and siz&ranular sludge which
treated (A) sugafed wastewater at Avecom, (B) stangbh wastewater at Lurgan plant

and (C) VFAfed wastewater. Each sludge was sieved to separate granules into three
different size fractions: large, medium and small.

Aliquots of 1 L of each sludge type were passed through a series of sieves of

di fferent pore diameters. Size fractions
Asmal |l oO. Large granules were between 1.
granules werdetween 0.8 mm and2lLmm, and small granules were between 0.4

and 0.8 mm in diametéFigure 4.1). Thavetweightok ac h gr anul ar si ze
Amedi umo and Al argeo) from the three gr:
determine the relative contribution of each size fraction in the three bioreactors
(Figures 4.2 and 4.3, section 4.3.1)

Following these measurementsn individual granules from each size distribution

of the three sludges were weighed individually on an analytical balance (minimum
calibration setting, 0.000 g). Based on the averages of-sma&tium and large

sized granules, the size distribution &®n a single granule was calculated and

presented for each sour@ggure 4.3, section 4.3.1)

Total solids (TS) and volatile solids (VS) were measured in accordance with
standard method@APHA, 1998. VS represent the organic matter in a sample.

Briefly, TS was measured by the amount of solids remaining after-dryamy
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samples overnight (at 105). Volatile solids are determined by the decrease in
mass of granules after the oveéned residue arencinerated at 55C for two hours
(FrankeWhittle et al., 2014

4.2.2 Specific Methanogenic Activity (SMA) assay

The methanogenic activity of tlgganularsamplesat the three size fractions which

were taken from the three sludge sourcegere each measured by the specific
methanogenic activity (SMA) assay method. This test uses the pressure transducer
technique as previously descrilf€blleran et al., 199Zoates eal., 1996 Siggins

et al., 2012Bialek et al., 2018 The levels of eetate (30nM) and B-CO; (80:20,

v/v) present determined acetoclastic and hydrogenotrophic methanogenesis,
respectivelySpecific methanogenic activity was measured in mi GMSS? day
1(Colleran et al., 1992

SMA tests are batch assays where the rate of methane production over time is
measured. Direct methanogenic substrates included acetate (30 mM)-&a H

(2 atm). Butyrate (15 mM) and propionate (30 mMgre higher carbon
intermediates. Biomass samples &dransferred to sterile hypovials to a final
concentration of & g VSS T in an anaerobic activity test medium. Controls were
set up either without substrate (in parallel with soluble substrate vials) or with an
N2-CO, pressurised headspace (in paradlgh Ho-COx-fed vials).

The biogas presence was monitored by measuring the pressure of sealed vials
containing biomass and either a soluble (acetate, butyrate, propionate) or a gaseous
(H2-COy) substrate supplied to the biomass on an individual basiga#\
chromatograph (Varian) was used to measure thedOhtained inside the sealed

vials as described in Chapter 3 (section 3.2.3). This method assessed the maximum
potential rates of methane generation against intermediates of the AD process
followed by he determination of SMA levels in ml Gig VSS?! day?>.
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4.2.3 DNA/RNA co-extraction from biomass

Co-extraction was performed usingpeeviouslydescribed protocdGriffiths et al.,
2000. Individual granulesweretransferred teseparat@ ml screwcap tubs,which
wereprefilled with 0.5 g sterile glass bead$ 1.0 mmdiameterand 0.5 g sterile
glass beads of 0.13.2 mmdiameter(Sigma).Each sample was mixed wif00 pl

5% w/v cetyl trimethylammonium bromide (CTAB) extraction buffer and 500 pl
of phenolchloroformisoamyl alcohol (25:24:1; pH &) respective 2 ml tubes for
samplelysing by beadbeating for 10 min at 3,000 rpm usititgg Fine PCR Vortex
(Medical Supply Company)For each sample, the phases were separated by
centrifugingat 12,500 rpm for Bnin at 4°Cand the clear agueous supernatant was
transferredinto a sterile Phase Lock Gel tube (MaXtraét! High Densityi
Qiagen). An equalolumeof chloroform isoamyl alcohdR4:1) was transferred to
the same tuhewhich wascentrifuged agairat 12,500 rpm for 5 min at 4°C to
seprate the nucleic acid phases. For each sanfi@esupernatant wasansferred
into a sterile, RNas#&ee tube, along with 0.1 vol of 3 M sodiurcetate (pH 5.2)
and 1 vol of icecold isopropanolThe tubes were subsequently centrifuged at
12,500 rpm for 30 min at 4°C and the supernatant was discargeducleic acids
were washedby usingl ml 70% (v/v) icecold ethanol The samples were
centrifuged ai2,500 rpm for 5 min at 4°&nd the supernatant was discarddue
final pelleted nucleic acids were ried on ice and were resuspended 0 ¢ |
DEPC treated waterThe DNA qualiy of the samplesvas assessed using a
nanodrop Thermo Scientifit and agarose gel electrophoresis. The muiceids
were stored ai80°C.

4.2.4 lllumina MiSeq Analysis

DNA samples of gintuplicatesingle granules from each size fraction from each of
thethree sludge sources (Figure 4.2) were sehhtoFoundation for the Promotion

of Health and Biomedical Research of Valencia Region, FISABI@encia,
Spain) for amplification of the 16S rRNA gene sequences using the universal
bacterial/archaeal forwagtimer 515f and the reverse primer 806r on an Illumina
MiSeq platform. The samples were processeadtro to generate a library of short

inserts. MiSeq produced between 15 and 28 million clusters passing filters per run.

155



Chapter 4

A modified version of the MiSeq SOP pipeline in  mothur

(http://www.mothur.org/wiki/MiSeq_SORprocessed the raw sequences.

In summary, each paired raw sequence was combined, ambiguous base cells were
removed (maxlength=300, minlength=20®Yeigel and Erwin, 2016 duplicate
sequences were removed, sequences wereedlig the SILVA database (SILVA,

V4, Release 119]Quast etal., 2013, overhangs at both ends were removed,
sequences were gmised by prelustering, chimeras were removed, sequences
were clustered into operations taxonomic units (OTUs) and all remaining sequences
were binned into phylotypes for analyseeq@ences were organised into groups

corresponding to the level of family.

Both alpha and beta diversities were examined for each size fraction from each of
the three sludge sources. Cluster analysis, dendrograms and canonical
correspondence analysis (CC@lpts were constructed using RStudio. Quintuplet
samples for the three size fractions of each of the three sludge types were used in
the Illlumina MiSeq analysis pipeline. However, one sample from the-f¢BA
smaltsized group of quintuplet granules hadb&oexcluded as its sequence number

was comparatively lower than each of the other granules.

VFA-fed “C” Starch-fed “B”| Sugar-fed «A”

SMALL (0.4 - 0.8 mm)| MEDIUM (0.8 - 1.2 mm) | LARGE (1.2 - 2.0 mm)

Figure 4.2: Setup of individual granules for lllumina MiSeq analysis according to specific
size fractiogn:fifvieo & anfe d n&-bnv e granbles fragreeach of
the three granular sources (sufjae d 1 A & ,e ds tAiaBrocfreerdd AVCFHA .
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4.2.5 Statistical Analysis

SPSS 23.0 version statistical software package for Windows was used to determine
each of the statistical conclusions for thgotheses outlined previously (section
4.1). The statistical tests employed included KolmogeBornov tests to examine
normal distributions. Twavay analysis of variance (ANOVA) was carried out to
determine significant differences between granular saet between granule
source based on SMA activity data. Significance was determined ialaig of

less than 0.05

For lllumina MiSeq analysis, statistiagre performedn cleaneeup sequence data
using the R gttistical framework version 3.3(Zeam, 201Hand version 24l of

the Vegan packag&he samples were subsampled (rarefaction analysis) to an even
depth 0f41,000reads per sample to allewe the effect of sample size bias on the

microbial community composition.

Specifically, statistical analysescludedtaxonomic alphdeta diversity analysis

by Pieloubs evenness, by Simpson and Sha
based on similarit®(Adonis tests) and by CCA to test the relationships between

bacterial and archaeal community structures of single granules from each size
fraction from the three different sludge sources. Rarefaction curves were also
calculated using the Vegan packageaxdnomic betaliversity matrices of

Euclidean distances wetalculatedSignificance tests were computed based on the
sequential sums of squares from permutations of the raw data. It partitioned the

sums of squares of a multivariate data #éf.analyseswere performed using

mothur and RStudio.

4.3 Results

4.3.1 Biomass characterisation of the three sludges
Each biomass source was initially characterised using a mixed granule sample for

the three types of#tf eldi osnhausdsg.e , Afdd@Budlgeansa ss usg &
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and 0 Co -fadaskidge/ Atahe outset of the work, physical appearance, TS

contents and V8ontents were measured for the three sludges (Table 4.1).

Table 4.1: Anaerobic sludge physical traits based on a mixed sample from the three
bioreactors.

Traits AAO0O sfadgei® stfad crACoOo MddA

Colour and Morphology Spherical and  Spherical ad Spherical and
black brown brown

Total Solids (% m/v) 5.77 3.0 5.99

Volatile Solids (Yof TS)  91.15 89.32 90.84

4.3.2 Physical profiles of size-resolved anaerobic granular sludges on
a whole-sludge and single-granule level

Based on the wet weight of threee fractionsgeach of the thresludge typs
yielded different amounts of sludgEigure 4.3(i)) The smallest granuligaction
(0.4-0.8 mm) accounted for ¥, 11%and 4% of A (sugarfed), B (starchfed)and
C (VFA-fed) sludge samplegespectively. Themediumsized granules((8-1.2
mm) accounted for 35.5%, 37% and.2® of A (sugarfed), B (starchfed) andC
(VFA-fed) sludge samples, respectively. The &siggranule fraction (1-2.0 nm)
accounted for 54%, 51.5% and 67.5% of A (stfgd), B (starchfed)andC (VFA-

fed) granularsamples, respectively.

Using twoway ANOVA, significant differences were measured between granular
sizes (p = 0.000) Dbut not between the sl
granules had a similar percentage compasiiib each source sample, as did

O6medi umé and 6l arged granul es.

Using the average values of ten 6small 6,
each source, compositions were determined for each sludge based on individual
granules (Figure 4.3 (ii)). The was a difference in these distributions compared to

the previous compositions. It was apparert
for the largest proportion of each sludge type and the large granules accounted for

the smallest proportion. This réswas the inverse of the data based on size
distributions. The only consistent observation was that medined granules

accounted for approximately one third of the granular distribution.
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The smallest granule fractio®.4 17 0.8 mm) accounted for 49.8%37.9% and
38.26 of A (sugarfed), B (starchfed) and C (VFA-fed) sludge samples,
respectively. The mediwsized granulesO(8 17 1.2 mm) accounted f037.4%,
38.6% and 40% of A (sugarfed), B (starchfed) and C (VFA-fed) granular
samples, respectivelyrhe largest granule fraction (1122.0 mm) accounted for
12.8%, 23.5% and 21% of A (sugarfed), B (starchfed) andC (VFA-fed) sludge

samples, respectively.

Statistical analysis reported the same findings for this size distribution study based
on singlegranules as it did for the previous size distribution test based on bulk

sludge samples. There were statistically significant differences between granular
size (p=0.000) and no statistically significant difference for each of the three sizes

between the mnule sources (p=0.997).
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(i)

|“A” : sugar-fed

(i)

| “A” : sugar-fed

“B" : starch-fed

| “B" : starch-fed

“C” : VFA-fed “C” : VFA-fed

Figure 4.3 Contribution of granules of three size distributions (S=small [shades of blue], M=medium [shades of green] and L=lagyef jatiieaken
from three different source (sugid, starckifed and VFAfed) sludge samples. (i) Particle size distributions among the three sources and (i) distributions of
average wet weights afdividual granulegor each source and size fraction.
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TS and VS contentwere determined (Tabk.2) for each granular size fraction
from the three sludge sourceBaking all sizes and sources into account, TS
percentages ranged from 2.31% m/v to 7.29% m/v andV8e&oncentrations
extended from 83.49% to 92.24% of the TS in each sample. The-Speall
fractions for each sludge type had the lowStand VS measuremergscept for

t he TS. MefliumBized granules always contained the highest organic
content.

The TS contents were statistically analysed and the results showed no significant
difference between each of the sludge types (p = 0.054) but there was a significant
difference reported between granular sizes (p = 0.036). The overall statistical
analysis of VSpercentages reported a statistically significant difference between

the three sources of sludge (p = 0.013) and between granular sizes (p = 0.05).

Table 4.2: TS and VS concentratigrior each size and source of anaerobic granular sludge.

Size A A (o) i B @b) i C (o)
TS Small 4.14 2.31 5.33
Medium 6.29 3.36 4.99
Large 7.29 5.13 6.18
VS Small 88.93 83.91 83.49
Medium 92.23 89.71 85.24
Large 89.67 89.50 84.96

TS (% [miv])

VS (% [mM of TS)

4.3.3 SMA determination for anaerobic granular sludge from different

sources according to specific size distributions

SMA results showed that, at each size fraction and with each sludge type, there was
higher activity against hydrogen than against acetate, except for large granules from

the VFAf ed s |ICwdge T(hfiand margesieed granules had the most

similar profiles against both#O, and acetate. Sughre d sl udge (AAOQ0)
highest hydrogenic activity for small granules. Stefrck d gr anul es ( ABO)
highest activity against HCO, at all sizes except for the smalked granules. For

activity against acetate, smathnd mediunrsized granules from the VFfed
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reactor (AC0) had tHedhiaghestobact isViutdyg ear

highest activity for mixed and larggzed granules.

Based on the SMAs against-B0,, two-way ANOVA tests showed that there was

no significant difference between A (sudad reactor) and B (stardld reactor)
sludges (p=0.168) but there was a statistically significant difference measured
between A and C (VFAed reactor) sludges (p=0.000) as well as between B and C
sludges (p=0.000).

It was found that there was not a statistically significant difference between large
and mediurrsized granules (p=0.344). However, statistically significant
differences between largand smalisized granules (p=0.001), as well as medium
and smalksized granules (p=0.016), were found. Observations on the differences
between the three size fractions with a mixture of granule sizes were also

statistically represdad (Table 4.3).

Acetate assays also used ANOVA tests to examine statistical differences between
granular size and type. Acetate activities for A and B sludge types were not
significantly different (p=0.380) but acetate activities between B and C (p=0.001)
as well as between A and C sludges (p=0.000), were significantly different to each

other.

The results showed that the acetate activities between langemediurrsized
granules (p=0.000), as well as largad smdktsized granules (p=0.012) differed to
a statistically significant degree. Mediurand smaklsized granules were not

significantly different to each other (p=0.242).
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Figure 4.4: Specific methanogenic activity assays were performed on each size (small, medium, large and mixed granules) of eathdgarsalample
(sugarf ed (AADPRd &nVEBEA-E &d )(adai@sdshbstrates acetate anelid, (80:20). Error bars wergased on triplicate assays.
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Table 4.3: List of statisticalsignificance values for specific methanogenic activity assays
betweerthe three sludgsizes andtypes.The level of significance was set@t <0.05.

Dark grey represents the tests where both substrates were significantly different. The paler
grey represents the tests where one substrate showed statistical signifitasiwaed
indicates that there was no significance.

H2-CO2 Assays Acetate Assays

Size

Small + Medium 0.016 0.242
Small + Large 0.001 0.012
Small + Mixed 0.005 0.994
Medium + Mixed 0.854 0.000
Large + Mixed 0.948 0.001
Large + Medium 0.344 0.000
ReactorType

sugarfed (A) + starcHed (B) 0.168 0.380
sugarfed (A) +VFA-fed (C) 0.000 0.000
starchfed (B) + VFAfed (C) 0.000 0.001

4.3.4 Phylogenetic characteristics of individual granules from various

granular sources of specific sizes

Initial alpha diversity results showed by rarefaction curves that there was almost
complete saturation of community diversity in many of the samples, demonstrating
adequate sequencing depth for sampl e cove
also calculated (Figure 4.6 {iiii)). Evenness is lowest in B (starébd) single

granulesand highest in C (VFAed) granules. Statistical tests showed that evenness

values between each granule size were similar to a statistically significant degree

(p = 0.105 to 0.78) but the evenness values for each sludge type were statistically
different fom one another (p = 0.00 to 0.01).
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Figure 4.5: Rarefaction curves of all samples. A%ugarfed, small, AM =sugarfed,
medium, AL =sugarfed, large, BS =starchfed, smaltsized granules, BM starchfed,
medium, BL =starchfed, large, CS ¥/FA-fed, small granules, CM ¥FA-fed, medium
granules and CL ¥FA-fed, large granules.
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Simpson and Shannon diversity indices were also computed for each granule size
and sludge type. The Simpson index (which gives more weight to common or
dominant taxa) illustrated high diversity il ahmples from the VFAand sugar

fed sludges, but displayed noticeably lower diversity in stedigranules (Figure

4.7 (Fiii)).

The Shannon index also showed that the stBdisludge granules had the lowest
diversity in comparison to the other tvetudge types (stareted = 1.66 to 1.9,
compared to sugded = 1.91 to 2.12 and VFfed = 1.96 to 2.52 (Figure 4.7 {iv

vi)).

Two-way ANOVA statistical tests were carried out on the data for the Simpson and
Shannon ndices. The results were consistent with the evenness values. The
Simpson diversities wesatistically similar for théhreegranule size(p = 0.923)

and statistically different between the three slutyges (p = 0.000. The Shannon
diversities were stistically similar for the granule size (02549 andstatistically
different for the sludge type (p = 0.000heir overall maximum diversity values

were 0.865 for the Simpson index and 2.520 for the Shannon index.
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® (i) (iii)
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Figure 4.7: Simpson and Shannon indices resultseach samplésugar (i and iv), starch (ii and v)and VFA-fed (iii and vi) granular sludgeeach at
three size distributions (smdilue, mediumgreenand largered). The line in each box represents the median.
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Focusing on beta diversity among the community structure of the single granule
samples, a barplot (Figure 4.8) and a bacterial/archaeal heatmap (Figure 4.9) were
generated to illustrate the dominant commusitie the various granule types.
Sugarf ed ( AAOQ) | arge granules (shortened
Methanosaetaceae  (27.433.5%), Anaerolineaceae (13.617.0%),
Methanomicrobiales_incertae_sed{8.3-6.3%), Synergistacea€3.3-3.8%) and
Syntrophobateraceae (1.7-2.4%) as dominant families, while 2731.6%

comprised of unclassified families.

Sugarfed mediumsized granules (AM) hadMethanosaetacea€21.7-33.2%),

Anaerolineaceae(9.7-16.8%), Methanomicrobiales_incertae_sed{#.7-5.6%),

Synergistacae (3.4-4.1%) and Syntrophobacteracea¢2.9-4.1%) as well as
Methanobacteriacea€2.9-5.8%) and Syntrophomonadace#&l.2-2.3%), while

27.434.3% comprised of unclassified familiedethanosaetaceaf 9.7-37.1%),

Anaerolineaceagq10.617.1%), Methanomicrobiées_incertae_sedi$3.6-5.5%),

Synergistaceae (3.84.9%), Methanobacteriaceae (2.35.4%) and

Syntrophobacteracea@.7-3.7%) as well adMethanosarcinacea€l.3-1.7%), as
well as unclassified families (2534.7%), were present in sugfad small granules
(AS).

For the starcli e d (ABO) a n a Anaardiineaceae(B8.8-H02W) e s ,
Methanobacteriaceae(14.7-18.6%) Methanomicrobiales_incertae _sedi8.6-
6.3%) Methanosaetaceaé8.4-15.8%) Syntrophobacteracea¢2.2-7.2%) and
unclassified families (41-84.0%) were dominant for its larg@zed granules (BL).
The same families were dominant for medisized granules (BM):
Anaerolineaceae  (6.3-10.4%) Methanobacteriaceae  (4.6-17.5%)
Methanomicrobiales_incertae_sedi8.7-7.1%) Methanosaetaceags.1-14.4%)
Syntrophobacteracea@.9-8.1%) and unclassified families (4259.7%). Small
granules also contained (BS) the same familiedrderolineaceads.7-8.6%),
Methanobacteriacead.0-8.2%) Methanomicrobiales_incertae_sei2s4-8.4%)
Methanosaetacea@.1-7.7%) Syntrophobacteracegd.57.4%)and unclassified
families (55.063.2%).

VFA-f ed ( i GCsized grarmlesg(€L) microbial communities revealed the

following dominant  families  were Anaerolineaceae (4.96.3%)
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Methanobacteriaceae (18.7-28.9%) Metharmmsaetaceae (14.1-25.5%)
Propionibacteriaceae 1(2-8.3%), Synergistaceag(1.3-5.8%), Syntrophaceae
(20.2:26.1%)andunclassified families (55-63.2%). The mediursized granules
(CM) had a similar dominant community structuredoierolineacea€l.0-1.4%)
Methanobacteriaceae (23.536.8%) Methanosaetaceae (6.6-22.8%)
Propionibacteriaceae(3.9-11.1%), Synergistacead0.5-2.5%) and unclassified
families (15.426.0%) with the addition ofComamonadacea¢l.44.7%) and
Desulfovibrionaceag1.6-10.2%). The smalgranules (CS) included the same
families in their DNA community as the meditsized granulesAnaerolineaceae
(1.0-5.4%), Methanobacteriacea€l4.7-37.6%) Methanosaetaceg@?2.222.0%)
Propionibacteriaceag(2.6-12.9%), Synergistacea€2.6-3.5%) and undassified
families (16.725.8%) with the addition oComamonadacea€l.4-14.8%) and
Desulfovibrionacea0.4-4.8%).

The percentages in brackets for each family referred to results obtained amongst
five replicates for each condition, except for spsated VFAfed granules, of
which there were four single granules. The heatmap also indicated that sludge
sources clusteradgether and that there was some clustering of granules according
to size. The common families which had more than 10% relative abundance across
most granules werd&lethanobacteriaceaeMethanosaetaceaednaerolineaceae
andunclassified families. A few sriaand mediumsized granules from the VFA

fed reactor also reported thRtopionibacteriaceaeand Comamonadaceawere

higher than 10% relative abundance (Figure 4.9).
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0 = Acidaminococcaceae Methanobacteriaceae
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Figure 4.8: Stacked barplots depicting the percentage relative abundances of the 16BAcommunity structure of single granules from different
sludge sources and sizeBNA community structure for individual granules freaugar ( fi Astarch( i B o VFAafedd i Co) bi oreactors at
small (S), medium (M) and large (L).
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The cluster dendrogram (Figure 4.10) represents hieraratlicgiering with the
percentage approximately unbiased (AUyghues of each cluster and bootstrap
probability (BP) values, which showed that granules were clustered into three
groups representing VFAsugar and starcHed granular sludges.

For sugaifed sludge granules, the mediuand smablsized granules were more
similar to each other than to the large granules. Laizgrd VFAfed granules were
also clustered together but the smaiid mediurrsized granules were further away
from each other on théendrogram than the sug@d small and mediunrsized
granules. For the stardbhd granules, some mediusized granules clustered
together with largesized granules, while other meditsized granules clustered
with the smaklsized granules on a separatartmh. Based on AU-palues, VFA

fed granules were grouped altogether as 100% similar, as were andastarch

fed granules. Sugaand starcHed samples were calculated to be 94% similar to

each other.
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Figure 4.10: Hierarchical clustering with multiscale bootstrap resampling. The

dendrogram shows separation of \H-Augar and starcHed sludges from each other

based on Euclidean distances and their correspondimatups. Labelling was as follows:

sugarfed (A), starcHed (B) and VFAfed (C) at graale sizes: small (S), medium (M) and

large (L). Values at branches are Agdues (left), BP values (right), and cluster labels
(bottom). Clusters with AU O 95 are indicate
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The CCA plot displayed the observable relatedness ofgratiular size (size) and
granular type (location) between five replicates of each of the three sizes and types
of single granules (Figure 4.11A). Each granular source was distinctly separated
from the others, as were the three sizes for ¥&a\and, to adsser degree, starch

fed granules. All sugdied granules were clustered together tightly (Figure 4.11B).

CcL5

AL = sugar-fed large granules
AM = sugar-fed medium granules
AS = sugar-fed small granules

¢ | BL = starch-fed large granules

< - \ | BM = starch-fed medium granules
. | BS = starch-fed small granules
CL = VFA-fed large granules

CM = VFA-fed medium granules

cB¥2 | CS=VFA-fed small granules
Chd | - -
CoiCh3 |
N 5
g |
Chi2
&) Bys , AHCH
CH3
O Location Bt 4@3
2
cs5 B
o™ .
- CH5 | B
' C83 nes
Ch4 SiZEeB%g -
62 B82
| | I | T
-4 -2 0 2 4

CCAt1

Figure 4.11A: Correspondence analysis (CA) based on size and granule source
location. Single ganules were separated based on 16S rRNA communitgtiate for
sugarfed, starchfed and VFAfed granulesat three size fractions. Samples were
abbreviated and described in the box in the upper right hand corner of the plot.
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Figure 4.11B: Correspondence analysis (CA) based on granule size for each of the three granular slud@eanules were separated based on :

rRNA community structuréor (i) sugarfed granules(ii) starchfed granulesand (ii) VFA-fed graniles. Red das#d circles represent the separation
granules according to size distribution.
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The final statistical analysis conducted on these samples was a multivariate
ANOVA analyses based on dissimilarities tegisldnis). The different sizes of
individual granules were statistically similar (p = 0.283) and the different types of
anaerobic sludge were statistically different (p = 0.005). These results were
according to analyses based on Euclidean distances taking all sangpéesmint.
Dividing the samples into separate sets based on sludge type, it was found that only
the sugaifed sludge granules showed no statistically significant difference between
the different sizes (p = 0.214). For stafed and VFAfed granules, therevas a
statistically significant difference (p = 0.015 and p = 0.025, respectively) (Table 4.4

in Conclusions) between the three sizes (Figure 4.11B).

4.4 Discussion

The results suggest that there is a correlation as to the size distribution of granules
from the three sludges; there are significant similarities in the proportion of small,
medium and large granules. This could indicate that a similar percentage of each
granular size fraction may be fouretcause they arsludgebased bioreactors
(UASBs in this studyand that this could be tra all timepoints, considering that

the biomass came from reactors that were running for different periods of time. This
maybe due to similar rates of growth in t|
with the three different relative size distributiorBerhaps there would be
differences irrelative granular size distributions across a larger number of UASBs.

A wider UASBstudy is required in the future.

The results indicate that there is an inverse correlation between the size distribution
of granulescompared to thaverage weight of single granules at each size fraction
for each of the three sludge sourdeargesized granuledased on their average
weight of an individual granuleomprised of the smallest proportion based on wet
weight and the smabllized granules comprised the largest proportion. This is
presumably because the weights of individual sisiad granule are much smaller
than the weights of individual large granules. Small granules weigh up to 15 times
less than large granules based on individual granule wet weight so it was expected
that there would be a higher relative contributiornaividual small granules and

a lower relative contribution ahdividual large granules (Figure 4.3). The only

175



Chapter 4

result which was consistent with the size distributions in the first part of the study
was that mediursized granules accounted for approximately dmiedtof the
biomass in each bioreactor. This type of size and single granular distribution study
has not been found in the literature.

TS and VS results were similar to the granular size contribution results. Statistical
differences were reported for th& &nd VS concentrations between the three sizes.
This could be due to the different amounts of inorganics and organics inside the
granules. Small granules had the lowest TS and VS contents, presumably due to
having the least amount of microbes. Large geswhad the highest TS
concentrations but medium granules had the highest VS concentrations. This
implied that large granules may have more void spaces inside of the granules and
the medium granules may have a higher number of microorganisms per gram of

granule.

No statistically significant differences for the granular size contributibrgaire
4.3)and TS resultéTable 4.2)were found between the three sources. However, VS
concentrations showed significant differences among the three sludge sources. This
could be due to different microbial communities emerging and adapting in the
different types of wastewater being treated. Generally, VS has been reported to be
in the region of 88.9% in wheat strgMotte et al., 2018 from 90 to 336 mgifor
domestic wastewate(Ruiz et al., 1998 Volatile suspended solids have been
repoted in municipal UASB bioreactors to range from 23 up to 62.8gkr 150

days of operatioRizvi et al., 201pand 76% volatile solids was also reported for
municipal waste(Amin and Vriens, 2014 These are cortered typical for

successfully running UASBs in some of the literature.

SMA profiles revealed higher hydrogenotrophic activity than acetoclastic activity
across all granular sizes and types except in large granules from thdéeffFA
bi oreact or r §tdtigica) investigations lshomwed that there was a
significant difference between the smalind largesized granules for both
methanogenic activities against acetate and again€lQd (Table 4.3). From
various granulation theories, microbial models gagy that Hconsuming
organisms were found on ti@erior of granules and thacetogens and acidogens

grow around them in larggranules. This suggests that greallergranules are
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prone to higher levels of hydrogenotrophic methanogenesis. This could also
account for the significant difference reported between the samall largesized
granules because the larger granules may have even more microorganisms that are
not present in themall granules than the medium granulesdacLeod et al.,

199Q Hulshoff Pol et al., 1983

Overall there was more hydrogenotrophic activity in the small and medium granules
and visibly more acetoclastic activity in the large nglas (Figure 4.4).
Hydrogenotrophic activity was up to 48 times higher than acetoclastic activity for
the smallsized granules and only up to 6.6 times higher than the mesizned
granules. This was the general pattern found across the three diffgrestatiy
sludge. This may be consistent with the microbial granulation theory where
granulation initiates with methanogens likkethanosaeta conciliethanothrix
soehngeniforming the granular core and then acetogens, followed by the acidogens
and fermenters, forming layers around the hydrogenotrophs becoming more
acetogenic in activity in larger granulédulshoff Pol, 1989 Thaveesri et al.,
19953.

The SMAs for sugar( i A0 ) a+iedd s(tfaBoc)h granul ar sl ud
significantly different to each other when tested against both acetate>a®@-H

This is as expected be cteatedbiordaddad®FA-nd A BO
fed (ACO) sludge was si-fpaandstaciedstudggs di f f er
when tested against both acetate andCB.. This may be because of their

differences in feed. Starch is a complex sugar so it would be reasonable to expect

that the starchand sugafed sludges would have more similar actastithan each

would have in comparison to a VHAd sludge. However, this is a preliminary

finding and further studies involving triplicate reactors of each sludge type need to

be studied in order to make more statistically robust conclusions. Moreover, the

studies on granules of the three different size fractions do indicate significant
differences in each of the physical, physiological and phylogenetic methodologies.

These sizeelated studies are supported by statistical replication between the three

grarule size fractions.

16S rRNA amplicon lllumina MiSeq analyses was conducted on-fogysingle
individual granules (Figure 4.2). Rarefaction curves illustrated that all samples
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reached close to full saturation, indicating that almost a full picture tehpal

DNA diversity was achieved.

The highest evenness was present in theX#eigranules. This indicated that these
granules may be the most capable of responding to new and fluctuating parameters
because higher species evenness implies greaterdinaicstability and robustness
(Wittebolle et al., 2000 Statistical tests based on evenness, Simpson and Shannon
metrics reported that there were significant differences betimeliandual sludge
sources similar to the activity resultspresumably due to the differences in
community structure between the three bioreactdmvever,evenness, Simpson

and Shannotestsdid not show differencedetween granular sizeghereas there

were differences the activity results (Figuré.4) possibly due towariancesn the

community development of the SMA assay.

Differences of community structure between different types of sludge, such as
bioreactors treating various wastewaters from synthetic to agricultural to food
processing to petrohemical effluents, have previously been reported and are
expectedLeclerc et al., 2004Li et al., 2010 Bialek et al., 2012 This catrasts

with some of the abovmentioned physical results (size distribution and TS
concentrations) and the SMA results of the stdechsludge compared to the sugar

fed sludge. These studies reported that sludge type was not significantly different.
However, the sludge types were significantly different for VS concentrations and
for the phylogenetic study. The barplot and heatmap analyses support the
preliminary conclusion that there are observable differences in the DNA
community structures between thede sludge types (Figure 4.8)Jthough there

are differences between the three sources, the barplot does shéwAtiat a nd f B0
have more similar profiles across the most relative abundant microorganisms.
Hence, the results imply that a combination of noleal, physiological and
ecological data are required when investigating single granules, for example for

predictive microbial modelling.

There were some differences in families across the three granular sizes during the
sequencing study. For exampleertd are two additional species in both small and
medium VFAfed granulesComamonadaceaand Desulfovibrionaceaeand not

in large granules. Additionally, sugéed samples fountflethanobacteriaceaand
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Syntrophomonadacegpresent in small and mediurnsized granules and
Methanosarcinaceawas reported in smaflized granules. These results indicate
that specific families are present in small, medium and large granules. Active
community analyses can provide more of an insight (Chapters 5 and 6).

The heatmapli d show better clustering between

This was unexpect ed a sfedbiédréactaasnFguréB. ar e
However, in the hierarchical clustering dendrogram (Figure 4.10) the expected
resul ts of @ Aobeteemwas obisBreed. ®érhaps it is becausg of the
different statistical testing that generates both sets ofi JalOVA for heatmaps

and Euclidean distance analysfer the cluster dendrogran®verall, the three

sources are statistically different froraah other.

Moreover, clustering analyses (Figurd0) illustrates some differences in granule
size on separate branches, implying that there is some species differentiation. The
reason sugalnd starcked samples were more similar to each other irchhster
dendrogram could be that they were fed with starch and sugary wastewaters, which
have similar hydrolytic and fermentative degradation pathways, whereas the
substrate mixture in VFAed anaerobic sludge was methanogenic in naGCA
illustrated tlat samples from the three anaerobic sludge biomass sources were
located in unique specific areas of the plot. The quintuplet granule community
structures were close together (Figure 4.11A). Granules taken from theavillA
starchfed sludges also separataccording to granule size (Figure 4.11B (B and

C)) but sugaifed sludge samples were close together in the plot (Figure 4.11B (A)).

Adonis analysis was conducted on all samples together and the results were
consi stent wi th the albhatvhere Were csignifieants i t y
differences between the types of anaerobic sludge but no significant difference was
measured between granular sizes. The samples were subsequently separated and the
same results were reported for sufgat granules, but the aistics revealed
significant differences across the three sizes in both stanchVFAfed granules.

This is consistent with the results extrapolated from the CCA analysis and the SMA
data. These results imply that the microbial communities are hetetapeetween
differently-sized granules, as hypothesised at the outset but more-gragide

studies using a larger panel of different granular sludges are necessary.
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As granules, comprised of microbial communities, grow, they increase in size and,
oncethey come under stress or die, they can either shrink or break apart without
any appendages to hold them together (Figure 4.12). Simad granules could be

this type of granule until they start growing again and become {aizgeat granules.

This indicdes that individual granules could contain whole niches in their spherical

bi ofilm and undergo a form of olife cycl
¥
gé e
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Figure 4.12: Proposed life cycle of single anaerobic granules; (A) filamentous
methanogenic growth, (B) bridging of filaments, (C) formation of a core with syntrophic

acetogens surrounding it, (D) growth of small granule with syntrophic hydrogenotrophs

and acidogens aund its core, (E) growth of large granule composed of multilayer groups

of microbes, (F) breakdown/shrinkage of granule, (G) possible disintegration and breaking

off of hydrogenotrophs and acidogens and (H) breakdown to smaller pieces of granules.
Adaptedrom (Ahn,200Q0and proposed breakdown/ disintegr a
g r a n and.ierct al., 1990Grotenhuis, 1992Subramanyam, 20).3
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4.5 Conclusion s

One of the preliminary findings of this work was that there may be generally
consistent proportions of each granule size in the UASB bioreactors studied in that
they followed a similar pattern. However a larger number of grafased
bioreactors are reqed to be sampled, such as EGSBs, EGSBs with Internal
Circulation® (IC) systems, anaerobic filter (AF) reactors and anaerobic membrane
(AnMBR) reactors(de Man et al., 198&an der Last and Lettinga, 199%cHugh

et al., 2004Collins et al., 2005~eng et al., 200&mith et al., 2013 to draw more
statistically significant conclusions regarding granular size proportions across
anaerobic bioreactors. In general, granules of tierent sizes and from three
sources found that their physical attributes (size distribution, TS and VS) were
significantly different between the three sizes and were statistically similar in terms

of size distribution, except when VS concentrations wegasured (Table 4.4).

SMA assays indicated a methanogenic preference #€®4 at smaller granular
sizes and a higher acetoclastic activity profile across the three sludges in larger
sized granules. The total methanogenic activity (agaipsE® and acetate) was
approximately similar across the various size fractions, but hydrogenotrophic
activity was noticeably higher for smaller granules and the acetoclastic activity
increased as the size of the granules tested increased (Figure 4.4). Thare was
consistent preference fort€O,.

Overall, physical (size distributions, TS and VS concentrations) and phylogenetic
tests (SMAS) indicated that there were significant differences between granule
sizes. Statistical analyses also demonstrated that theme significant differences
among the active microbial communities of the three size fractions forfgéand
starchfed sludges, but not for the sugad single granules. VS content, SMAs and
active community structureath (alpha and betdiversity te$s) also reported
significant differences between sludge types. Because definitive conclusions cannot
be drawn by solely looking at physical or physiological granular sludge data or
communitybased datasets for individual granules, the results from tiig Efable

4.4) suggest that both chemical and community composition need to be examined

to obtain a thorough analysis of granular samples taken from bioreactors.
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Table 4.4 Summary of statistical significant comparisons between sludge types and
granularsizes across the whole study. Level of significance was set at p <Siz@5.
distribution refers to the relative proportions of size fractions in the wet weight study
(Figure4.3 (i)).

Type SizdFeed Size TS/VS SMA- SMA- DNA
Distribution H»-CO, acetate community
structure
small 7
6 A & medium 0.000 0.036/0.013 0.017 0.003 0.214
large -
small 7
608 medium 0.000 0.036/0.013  0.009 0.010 0.015
large -
small 7
6 C¢ medium 0.000 0.036/0.013 0.116 0.073 0.025
large -
6 A sugar
6 B starch } 0.997 0.054/0.08 0.000 0.000 0.005
6 C¢ VFA

Further analyses into the active community structure of single individual granules
i s required such as comprehensive O6o0omics

granulesatt i f f er ent si zes or stages of a granu
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Chapter 5 - Physiological characterisation of size -
resolved anaerobic granules and phylogenetic
investigation of replication between individual

granules

Abstract

Anaerobic granuleare biofilms that are discovered within certain configurations
of anaerobic bioreactors. They are small spherical biofilms comprising many
di fferent microbes and heaxces yhatvembe ewmi trh

bi oreact ercos yfsrhaeamroa

Previous work (Chapter 4) reportsgecific methanogenic activifMA) assays
using largg1.4- 2.0 mm), medium (0.8 mm1.4 mm) and small (0.4 0.8 nm)
granules against key substrat€se complete SMA worfound that large granules
werethemost activeoverall The ativity of large granuleagainst acetaté],-COg,
propionate, butyrate and a volatile fatty acids (VFA) mixtwas measured as
125.84 67.3, 197.8434.23 and 254.42nl CH4/g VSS/day, respectively. VFA
concentrabns were fully consumedtaf 48 hours.Total and volatile solidef one
hundredindividual large granules, as well as cDNA sequencing targeting 16S
rRNA from sixteenlarge granules, indicated that granules can be considered as

distinct, replicatediwhole ecosystends

DNA extractel from individual granules was compared against cDNA community
structures of a specific size fraction and from the same sludge sBestéts from

16S rRNA MiSeq analysisdicated that there were significant differences between
the potential (DNA) and déiwe (cDNA) community structuredlethanosaetaceae

was the most abundant family common to both and is regarded as a key player in

granular activity and metabolism.
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5.1 Introduction

Previous studies have proven thagterobigranules can contain microorganisms
from each tropic group along the anaerobic digestion (AD) pathway: hydrolysers,
acidogens, acetens and methanogens. This indicates that each granule may be

regarded as a whole niche community.

AD is ubiquitous in nature and there is a variety of anaerobic ecosystems, from soils
to lakes and animal rumen. Sampling these types of physically vast communities is
challenging because it is difficult to conclusively say whether any one sample is
truly representative, since most samples usually have varying community structures
to some degredsranules comprise a whole community of microbes from each
stage of AD, implying that granules can be thought of as whole d¢easysvithin

a type -eocfo sfiynsetteamo .

Building on the results in Chapter 4, one of the three sludges was chosen for more
in-depth analysis into phylogenetics based on granular size, followed by a detailed
investigation into whether single individual gudes of a specific size from a

specific biomass source contain the same active physical traits and community

structure.

Anaerobic granular sludge of three different sizes from the -Y&€Areactor

granul ar sludge (6C6) i nve®morg detaiedd 1 n CF
physiological examination. This specific anaerobic granular sludge was initially

selected because previous DNA community structure analysis reported significant
differences in three granular sizes (Chapter 4 section 4.3.4). Activey@esdleran

et al., 1992 against a wider panel of methanogenic substrates were employed to
determine whether anaerobic granular size was an influential factor in relation to

methanogenic activity. Methanogenesis is paramount for biogas production in AD.

In parallel with the SMAsgeneral methanogenic assays were set up with a VFA
mixture feed along with additional sacrificial samples for monitoring fermentation
of sugars, such as cellulose and glucose, and to profile VFA concentrations
throughout the AD process. Cellulose is thest abundant polysaccharide within

organic wastéKhan and Trottier, 1978nd breaks down into cellobiose and then
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glucose. The methanogenic assays were also employed asequpsite test for

determining the length of time it takes for granules to utilise each of the substrates.

Subsequently, total solids (TS) and volatile solids (VS) of single individual granules
were determined to investigate the range and distributidineske results amongst
100 batches of 10 single granules. This will help to understand whether individual

granules have the same physical characteristics using these specific assays.

The cDNA of sixteen individual granules of one specific size fractionewer
sequenced using the lllumina MiSeq platform in order to further the physical
investigations of single granules and physiological studies of three granule size
fractions. RNAtargeted analyses were expected to be more responsive than DNA
because metabohtly-active cells usually contain more 16S rRNA than quiescent
cells (Nomura et al., 1984Poulsen et al., 199&viv et al., 1996, and several
studies have chosen RN#ased approaches to more accurately represent
popuation dynamics at specific sampling poiliEsiasLopez et al., 2008n AD
microbial communitiegAkuzawa et al., 2011to et al., 2012Zakrzewski et al.,
2012. It is noteworthy that there have been suggestions thatBisad and DNA
based approaches are both subject to the same @\esés et al., 2002Griffiths

et al., 2003aGriffiths et al., 2003

Lastly, if the active communities are concluded to be replicates, five random cDNA
samples would be directly compared to the five DNA granule counterparts from the
VFA-f ed anaerobi c s | UudOgmn) feadtiontsiree Al ar geo (1

The hypotheses for this study were that

1. methanogenic activitggainsian extended panel of substraiesn Chapter
4 is significantly differenbetween three granular size fractions;

2. the physical characterisiof100single granules aneplicated; and

3. single individual anaerobic granules are enfirdole ecosystenisbased
on theiractive community structure pattern

4. there are significant differences between the D&l cDNA microbial

community structures of individual granules
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The overall aim was to ascertainwhetherthe active microbial community was
replicated acrossdividual anaerobic granulesd, if so, to compare the active and

total community structure

5.2 Materials and Methods

5.2.1 Source of biomass and granular sludge characteristics

As described previously in Chapter 4 (section 4.2ahgerobic granular biomass
was obtained from &ab-scale upflow anaerobic sludge blanket (UASB) using a
VFA-fed synttetic wastewater for 112 days. The reactor was operated by Robert
Dillon.

5.2.2 Specific Methanogenic Activity (SMA) and Methanogenic
Activity (MA) Assays

This assay was perimed as described previously in Chapter 4 (sectidr¥but

with additional sbstrates, propionate and butyra®MA assays against acetate,
H>-CO. (both shown previously in Chapter 4), propionate and butyrate were
performed for small(0.47 0.8 mm), medium(0.8 mmi 1.2 mm) and largsized

(2.2 mmi 2.0 mm) granuless well as asample ofgranular sludge containing a

random ratio of small, mediumandlasge zed gr anulogs (ter med 7

In parallel, a more general MA assay was set up usiNg-A mixture as the
substratdor each of the three granule sizes. The VFA mixture was identical to the
feed used in the labcale UASB reactor (section 5.2.1). The VFA recipe consisted
of acetic acid (15.6 mM), propionic acid (8.9 mM), butyric acid (6.3 mM) and
ethanol (10.4 mM). Bdt SMAs and MAs were measured in ml HvSS?! day?.

5.2.3 Sugar and volatile fatty acid profiling during the MA assay
Sugar concentration was measured at seven time intervals (0, 6, 12, 24, 36, 48 and

60 hours) over the duration of the MA assay against the VFA mixture (as described
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in 5.2.2 abovein order toexamine what happens to sugdwsing the methanogenic
assaythroughout the 60 hour assag they are involved in fermentatioft each

time interval, technical triplicates were measured from the sacrificial vials for each
granular sizeThe degradation rates were measured via the slopes of the lines and

results wereneasured in mg/l/hr.

During the MA assay ofmall, medium and largesized granules sacrificial
samples were taken periodically for sugar monitoring and VFA profiling. rate

of sugardegradatiorwas measured to analyse consumption of the sugars piresent
the granules from the ladrale reactorBefore measuring both sugar and VFA
concentrations, the granules were briefly sonicated to release any residual or
Atrappedo c¢ h ehiofin tat werei beirg icahsimed breroduced by
the innermost spies community(Salsabil et al., 2009Gunnigle et al., 2013
Grarules were resuspended with 1% phospihatitered saline and were disrupted

by sonication (Soniprep 150 Ultrasonic disintegrator, MSE, UK) at 50% amplitude
for two pulse sessions of 30 s on ice. Intervals of 30 s were applied to prevent

thermal damage of telar proteins.

Soluble sugars were monitored according to the Dubois mdiboldois et al.,

195)). In brief, each sample was diluted to 200 mg/I. A glucose calibration curve

was generated in parallel. The range of glucose concentrations measured were 200
mg/l, 100 mg/l, 50 mg/l, 25 nilg 10 mg/l and a distilled ¥® A bl ank o . 5%
phenol was added to the standards and the samples. Each tube was vortexed and
incubated at &C for 15 min. Subsequently,.BO: was pipetted into each tube,

which was vortexed and incubated at AD@r 5 min.The tubes were cooled to

room temperature over 30 min, and all samples were transferred 1oell YBate.
Absorbance readings were taken at 490 nm using a spectrophotomebs&0QMS

ELISA Reader coupled with Manta PC software).

In parallel with sugamonitoring, samples were taken at the same seven time
intervals for VFA profiling. Three technicAlFA sampls were deterined as

described previously (Chapter 3, sectB.3).
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5.2.4 Characterisation of individual granules

TS and VS were measured for one hundred batches of ten individual gfemmules
the large size fractioms one single individual granule whslow the level of
detection of the analytical balanc@alculations were performed using Standard
Methods(APHA, 1998 and described in Chapter 4.

5.2.5 DNA/RNA co-extraction and cDNA synthesis

The DNA/RNA coextraction method was described previously in Chapter 4
(section 4.2.4). cDNA was generated from thedronucleic acids through several
steps.RNA was purified via DNase treatment and removal according to the
manufacturer 6s i ns tse free kit (AMBIGON lovirogéntbyy T ur b o
Thermo Fisher Scientific). DNA removal was verified by 16S rRNA P@fthg a
range ofsampleRNA dilutions. The PCR assay was performed as previously
described in Chapter 3 (section 3.2.5) using the primer pair 338f and’8@5mal
stepwas cDNA synhesis. he master mix usetb accomplish cDNA synthesis
includedMgCl> (50 mM), Random Primer Mix (6QM) (BioLabs) anddNTPs (10

mM). M-MuLV reverse transcriptase (BioLabs) was the enzyme used to catalyse
the synthesiscDNA sample concentrations were determined using the Qubit

fluorometer (Il nvitrogiaesryctionsas per the mani

5.2.6 lllumina MiSeq Analysis

lllumina 16S MiSeq sequencing was carried out on sixteen single grémutethe

large size fractioto determine if they had replicated active communities within the
established UASB labcale reactor (secin 5.2.1). cDNA samples of sixteen
individual granules were sent for 16S rRNA amplicon lllumina MiSeq sequencing.
The sequences were returned from the Research and Testing Laboratory (Lubbock,
Texas), where the 16S rRNA gene sequences were amplifiedtbsingiversal
bacterial/archaeal forward primer 515f and the reverse primer 806r on the lllumina
MiSeq platform. Mothur analysis was conducted as described previously in Chapter
4 (section 4.2.4). Analysis similar to the MiSeq analysis described previously

Chapter 4 (section 4.3.3) was carried out.
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Total and active community structures between granulestfrefargesize fraction

of the same anaerobic sludge source were compared. A computer randomiser
program (random.org) was used to pick ioeg¢ unbiased samples from the sixteen
granules whose cDNA was sequenced. The samples that were chosen by the
computer were seed granules: cDNA 12, cDNA 5, cDNA 10, cDNA_2 and
cDNA_14.

Alpha and beta analysis was performed on the DNA samples from cAag@ier
(VFA-fed; large) 1, CL 2, CL 3, CL 4 and CL 5. They were renamed DNA_1,
DNA 2, DNA_3, DNA 4 and DNA_5 and their community structures were
compared to VFAfed large cDNA samples: cDNA 12, cDNA_5, cDNA 10,
cDNA 2 and cDNA _14.

5.2.7 Statistical Analysis

Statistical tests and data visualisation were performed using SPSS software and the
Vegan package (version 213 platform within R Studio (version 3.3.ZJeam,

2016 as described previously in Chapter 4 (section 4.2.5). Analysis of variance
(ANOVA) significance analysis and Kruskal Wallis tests determined whether
differences were present between granular sizes in SMAs and between individual
granules in the various plogenetic studies. Alpha and beta diversities were
examined as well as multivariate ANOVA based on dissimilarities (Adonis)
analysis. Statistical significance was determined to occur where there watua p

of less than 0.05. The single granule activ@enity structures were subsampled

to an even depth of 3M0reads per sample.

5.3 Results

5.3.1 Effect of granular size on methanogenic activity
Both SMA and MA assays were carried out for granules at three size fractions
against acetate,+COp, progonate, butyrate and a VFA mixture in triplicate. The

results demonstrated that the general MA assay had the highest activity across each
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size distri but-fedbamaerbbicrgranulasgFigir€ml). Brhafd
mediumsized granules exhibited tlsame pattern for each substrate: The highest
activity was against the VFA mixture, followed by>-BO;, then propionate,
followed by acetate and, lastly, butyrate. There was no distinguishable pattern for
the large granules and the mixture of granules lite tpw activity for propionate

in comparison to the separated granules. VFA activity was the highest across the

different size fractions in comparison to the other substrates.

Two-way ANOVA statistical analyses based on substrate type reported thayactiv
against acetate was significantly different to®0O, (p = 0.003), butyrate (p =
0.000) and VFA mixture (p = 0.000), but that there was no statistically significant
difference between acetate and propionate (p = 0.137). Activity agaiiDHvas
statstically different to all substrates except propionate (p = 0.553). Activity against
butyrate activity was statistically different to each other substrate (p = 0.000).
Activity against propionate wagtatisticallydifferent to both butyrate and the VFA
mixture to a statistically significant degree (p = 0.000 in both tests). The VFA
mixture activity was statistically different from each substrate (p = 0.000). The only
statistical similarities based on SMAs were between propionate and acetate and
between prpionate and HCO; (Figure 5.2)

By examining the SMA results based on size,-may ANOVA tests results
showed that large granules were statistically different to both small (p = 0.047) and
mixed (p = 0.001) granules. Medium granules were statistically similar to all
granule sizes (p =.052 to 0.807). Small granules were statistically different from
large granules (p = 0.077 as shown before). Mixed granules were statistically
different fromlargegranules (p = 0.001). In summary, there was a gradient pattern
where large granules weretitically similar to medium granules (p = 0.0395) and
medium were similar to small granules (p = 0.807). Both sraall mediurrsized
granules were statisticallgimilar to mixed granules (p = 0.305 and 0.052,
respectively)Figure 5.2)
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Figure 5.1: Methanogenic activities among three different size fractionSMA assaysagainst acetate,FCO,, butyrate and propionat
and an MA assay against a mixture of VFAs were grouped together according to small granules, medium granules, kesgedramix
of granules. Error bars were based on triplicate assays.
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(a) Substrate

acetate VFA mixture

acetate
H2-CO2
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different
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Figure 5.2 Heatmaps showing datistical significances between(a) methanogenic
substrates and(b) granular sizes based on activity assayssreen boxes represent
statistical differences and red boxes represent statistical similarities. Black boxes represent
no statistical test.

5.3.2 Sugar monitoring among granular size fractions during the MA

assay

Sugar degradation in granules resultethenneaicomplete consumption of sugars
by hour 48 of monitoring (Figure 53 The results showed that sugars were
consumed the fastest in largized granules at 1.98g | h'l, compared to the
mediumsized granules, which had a fermentative depletiom of 1.8ang?| 1h.

Smaltsized granules had the lowest consumption rate, g7 h.

A oneway ANOVA test was carried out for the triplicate sugar depletion rates for
the three granular sizes. The results showed that there veastistical difference

in sugar consumption rates between any of the sizes (p = 0.257).
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Figure 5.3 Average glucose concentratiofmg/l) at seven time points over 60 hours of
the methanogenic assay. Each line refers to granule sizesdphages represesmadl
granulesgreen circles represent medium granaedred triangles represent large sized
Error barsnverebased on triplicate sampling.

5.3.3 VFA dynamics in three granular size fractions during the MA

assay

The VFAs under examation were acetic acid, propionic acid and butyric acid. The
results showed that acetic acid and propionic acid had been completely consumed
by the 48' hourof the MA assays (Figure 5(A to D)). Butyric acid has also been

fully consumed by the mixed amarge granules by the #$our in both cases, but

was stillpresent in small and medium granules.

Before time point 2 hours, there was a similar pattern for each of the three granule
sizes and the mixed granules. VFAs accumulated between time @biotss and

12 hours. From 2 hours until 60 hours, when the methanogenic assay was
completed, there was a steady decline of all VFAs.

Statistical tests showed that acetic acid concentration profiles were significantly
similar between the three granular sizesl the mixed granules (p = 0.088) and

were significantly different between the six time points (p = 0.000).
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The propioni@acidprofiles of the mixed, small, medium and large granules reported
significant similarities (p = 0.757) between the granular sizes. There were

significant differences lt&een all timepoints (p = 0.000).

For butyric acid profiles, significant differences were observed between the mixed
granules and the three sizes of granules (p = 0.028) as well as between the six time
points (p = 0.000), where significance was setatlpe < 0.05.
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5.3.4 Physical characterisation of large-size individual granules

One hundred batches of ten lasgieed granules were collected and physical
analysis was performedection 5.2.4)The range of T8&oncentrations was 16 to

105 mg/l. Over three quarters of the results were between 30 and 70 mg/l. VS
concentrations of single granules had a minimum of 3 mg/l and a maximum of 61
mg/l with the majority (over 80%) being between 21 and 46 mg/l. The rang® of
contents was 8.1% to 94.29% of the TS concentrations. 87 of the 100 granules had

VS values of above 50% and 73 granules were above 60%.

Average TS concentrations, VS concentrations and VS percentage$vmgl/l,

32 mg/l (Figure 5.p and 63.08% respteely. The organics (VS) result was
approximately 63.07% of the TS concentrations found within single individual
granules. Standard deviation values, as depicted by the error bars for TS and VS
values, were 20.17 dri11.99 respectively (Figure 5.5

Both the TS concentrations and the VS concentrations were statistically similar
between theverages obne hundredbatches of tesingle granule¢TS pvalue =
0.457 and VS {value = 0.635)

° 2
3 e

@
-3

Single granule concentrations (mg/l)

Total solids Volatile solids

Figure 5.5 Average TS and VS concentrations in one hundred batches of ten single
granules. Error bars were based on standard deviation of the one hundred tests.

5.3.5 Microbial community structure of large-size single granules
Rarefaction curves for the sixteen iwvidual granules highlighted adequate
saturation of the community diversity and the presence of between thirty and at least

sixty-five families amongst thirtywo thousand sequences (Figure)5.6
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Figure 5.6 Rarefaction curves of adixteenindividual single granulesaken from the lab
scale (seed) UASB reactor as described in section 5.2.1 (cDNA_1 to cDNA_16 granules)

Evenness for the sixteen granules were calculatecharsldndard deviation for the
evaness data was 0.075 (Figure )5.The evenness results for the active
community (0.33 to 0.43) were lower than those shown for the total community in
Chapter 4 (Figure 4.6 (@arge granules)), i.e. between 0.52 and 0.58. The evenness

between sixteen granules are statistically similaatch other (p = 0.728).

The other alpha diversity tests included both Simpson and Shannon indices tests
(Figure 5.7. They illustrated high diversity among the sixteen samplés
maximum Simpson diversity was 0.746 and the standard deviation was Thel6
maximum Shannon diversity was 1.723 and the standard deviation was 0.26.
Statistical tests showed statistical similarities between the sixteen granules for both
the Simpson index (p = 0.686) and for the Shannon index (p = 0.803).
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Figure 5.7: Alpha diversity calculations folEvenness(blue), Simpson (green) and
Shannor{red) indices othesixteenindividual single granulefsom the largesize fraction
The small circles refer to outliers among the granules

A bar plot illustrating the cDNA comunity of sixteen granules was generated, and

it was observed that the dominant families in each of the sixteen granules were
Anaerolineaceae (0.4 - 4.6%), Methanobacteriaceae (10.9 - 38.0%),
Methanosaetacea@1.9 - 83.8%),Syntrophaceaé¢l.3 - 14.2%) andunclassified
families (2.6- 24.0) (Figure 5.8
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Figure 5.8: Barplot of sixteen individual single granulescDNA community structure agfixteengranules that were sequenced from the :
lllumina MiSeq sequencing platform.
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When the Adonis test was applied, it was shown that there was no significant
difference between the 16S cDNA structures of the sixteen communiti€s{p5)

based on Euclidean distances.

5.3.6 Comparison between the potential and active community

diversities within individual granules

The results in the previous section indicated that the single individual granules had
a statistically similar community amongst the sixteen individual granules. Similar
analyses we performed on the five DN&xtracted samples from the VHAd

i Co dsized gpecific granules analysed in Chapter 4 (section 4.2.4). The DNA
samples were compared directly with five random samples from their cDNA
counterparts referred to earlier inglghapter to compare the total with the active

communities in single granules.

Alpha diversity methods were employed to compare evenness and Simpson and
Shannon diversity indices for the ten samples chosen, 5 DNA saanue5 cDNA
samples (Figure 5)9The maximum evenness was 0.63. The maximum Simpson
diversity was 0.85 and the maximum Shannon diversity was 2.3. The standard
deviations for evenness, Simpson and Shannon values were 0.115, 0.13 and 0.454,
respectively. Ongavay ANOVA tests showed that thenere statistical differences
between the DNA and cDNA evenness values (p = 0.001), Simpson values (p =

0.007) and the Shannon values (p = 0.001). The DNA samples were higher in each

case.
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Figure 5.9 EvennesqA), Simpson(B) and Shannor{C) indices forDNA (blue) and
cDNA (green) samples.
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When studied together, the DNA and cDNA community structures both had similar
families present based on relative abundances. The primary differences within the
generated bar plot were in the relative abundances oha@mtrfiamilies in the DNA
versus in the cDNA of single granules (Table 5.1).

Table 5.1: Families percentages in DNA vs cDNA of individual granules. Shaded boxes
refer to families which were higher for each nucleic acid.

Families DNA (%) cDNA (%)
Anaerolneaceae 4.00-6.00 0.704.00
Methanobateriaceae 18.0628.00 13.0637.00
Methanosaetaceae 13.0625.00 30.0670.00
Propionibacteriaceae 1.008.00 0.00
Synergistaceae 1.006.00 0.00-0.04
Syntrophaceae 2.00-10.00 2.00-13.00
Syntrophobacteraceae 1.50-3.00 0.101.00
Syntrophomonadaceae 1.004.00 0.02-1.00
Unclassified 20.0025.00 3.00-15.00

When both DNA and cDNA microbial communities were examined as a whole
transpired thathere were more families present in the DNA samples than in the
cDNA samples (e.g.Propionibacteriaceae and there was a much higher
percentage ofunclassified families within the DNA community. Most of the
dominant families were also noticeably more atauntan the DNA profiles (shaded
boxes in Tablé.1). For the cDNA community profile the most dominant family

wasMethanosaetaceae
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Figure 5.10 16S community structure composition for both DNA and cDNAgranule samples. The most abundant families from five
granules based on their DNA structure (DNA_1 to DNA_5) and five granules based on their cDNA structure (cDNA_2, 5, 14)12 and
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Both the cluster dendrogram (Figurel® and the canonicatorrespondnce
analysis (CCA) (Figure 5.)%lots illustrated observable differences between the
DNA and cDNA communities. The cluster dendrogram showed that the DNA
samples (DNA_1 to DNA_5) were in a separate branch from all of the cDNA
samples except faample cDNA_5. The correspondence analysis showed that all
five DNA samples were clustered tightly and 90% similar to each other. Each of
the five cDNA samples was separated from the DNA samples on the opposite side
of the plot. They were split and clustd into 3 samples on the left and 2 samples
on the right main branch of the dendrogram showing 98% and 92% similarity to

eachother, respectively (Figure 511
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Figure 5.11 Cluster dendrogramf DNA and cDNA single granule sampléssed on
Euclidean istances
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Adonis statistical testing reported a statistically significant difference between the
microbial communities based on DNA in comparison to the communities based on
cDNA. There was a statistically significant difference (p = 0.011) between the two
types ofcommunities based on Euclidean distances. The significancdfouas p

< 0.05.

5.4 Discussion

5.4.1 Impact of size on MA and VFA metabolism

SMA and MA assays generally indicated significant differences between substrate
types. Neither butyrate npropionate can be used directly by methanogens. First,
they must be converted to acetate erGD, for subsequent methanogenesis, and
this process is mediated via bacterial syntrophic acetogens and methanogenic

archaedSchink and Stams, 20p@erhaps the reason why propionate ap€C &,
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as wellas propionate and acetate, were significantly similar was that propionate is
a wellestablished precursor of a large fraction of methane from anaerobic digesters
(Kaspar and Wuhrmann, 19/oone, 1982Boone, 1984Qiao et al., 2016

Several studies have previously reported that propionate and acetate concentrations
influence anaerobic oxidation of propiondiéanba et al., 1983.in et al., 1986

Gorris et al., 1989%ukuzaki et al., 199Mawson et al., 1991and this correlation

was evident in the SMAs (Figure 5.1) whereby propionate activity increased in
corresponderewith increased acetate activity. These SMA results highlighted an
important degradation pathway through propionate rather than butyrate (Figure 5.1)
but they were not significantly different in activity levels in the mixture of granular
sizes. Acetoclagt activity dominated in the large VFfed granules that were
chosen for further analysi®neunexpectedesult from the SMA study wabat

the B-CO; and VFA mixture activities were much higher in the granular. hhix
could be due to higher affinity for the substrates across the mixture of granules but
this panel of substrates should beasted in the futurd?erhaps having a mixture

of granular sizeencouragethe most activity.

Overall, it can be seen in thigudy that acetate activity increased as granular size
increased.In contrast, as granular size increased, hydrogenotrophic activity
decreasedSimilar to acetate, as granular size increased, propionic acid and butyric

acid activity increasedhll activities can be compared to each other statistically.

In parallel with the VFAfed MA assay, both sugar and VFA profiles were analysed.
The results illustrated that sugars such as the macromolecule cellulose, which was
present in the lalscale UAB synthetic feed at 0.211 g/l, were still residually
present in the anaerobic granules being assayed. Presumably cellulose was
degraded by species in the granules which were capable of hydrolysis and
fermentation as it was reduced from approximately 100l gy complete
consumption which occurred by hour 60 in each granular size distribution. It has
been demonstrated previously that both bacterial and archaeal communities such as
Bacteriodetesand Firmicutesplay a crucial role in cellulose degradati@zman

et al., 201Y.

Anaerobic  cellulose degraders fall into four distinct families:

Syntrophomonodaceae, Clostridiaceae, Eubacterigceael Lachnospiraceae

210








































































































































































































































































